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ABSTRA(^ 



This manual presents theoretical and process design criteria for the implementation of- 
nitrogen control technology in municipal wastewater treatment facilities. Design concepts, 
are emphasized as much as possible through examination of data from full-siale and pUot 
installations. i ' 

• ■ ■ . , . 

Design data are included on biological nitrification and denitrification, breakpoint 
chlorination, ion exchange and air stripping. One chapter presents the concepts inyohred in 
assemjjling various unit processes into rational treatment trains and presents actiial case 
exan^les of specific treatment-systems that incorporate nitrogen control proc^es. 
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' ■% FOREWORD 

The formation of the United States Environmental Protection Agency marked a new era of 
environmental awareness in^^^4^ This agency's goals are national * in scope and 
encompass broad responsibiUt^^Sljhe ^a^ of air and water pollution, solid , wastes, 
pesticides, and radiation. A yitSl part of EPA's national water pollution control effort is the 
constant development and dissemination qf new technology for wastewater treatment. 

It is now clear that only the most effective design and operation of wastewater treatment 
facilities, using the latest available techniques, will be adequate to meet the future water 
quality objectives and to. ensure protection of thp^ Jiation's waters. It is essential that this 
new technology be iacorpprated into the contemporary design of waste treatment facilities 
to acWeve maximum benefit of our pollutioh control expenditures. * " ' - 

llie purpose of this manual is to provide the en^neering community and related industry 
with a new source bf information to be used in the planning and design of present and 
future wastewater treatment facilities. It is recognized that there are a number of design 
manuals and manuals of standard practice, such ^s those published by the Water Pollution 
Control Federation, available in' the .field that adequately describe and .interpret current 
engineering practices as related to traditional plant design, ft is the intent of this manual to 
supplement tWsjexisting body of Jcnowledge by describing new treatment methods, and by 
discussing 'the application of new techniques for more effectivfely removing a broad 
spectrum of contaminants from wastewater. - 

Much .of the' information presented is. based on the evaluation and operation of pilot, 
demonstration, and full-scale^plants. The design criteria thus generated represent typical 
values. These values shoulli be 'used as a guide -and. should be ►tempered with sound 
engineering judmient based on a complete analysis of th^^^^ 

/■ A . ; ..■ V' ^ ' : ■ . --''^ \ : . _ ',. • 

This manual is one of seVeral available through the EPA Office of Technology Transfer to 
diescribe recent technological^^vanc^s and new information. Future editions will be issuetl*^ 
as warranted, by advancing stote-of-the-art to include new information as it becomes^ 
available, and to revise de^iM^^teria as additional full-scale operational information is 
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, INTRODUCTION 

1.1 Badcground and Purpose 

Man's influence on the environment is receiving increasing public and scientific attention. 
The quality of some of the nation's water bodies has been subjected to continuing 
degradation as a result of man's activities. While there has been considerable success in 
reversing this trend, one roadblock to greater progress often has been the lack of the 
necessary technology to reliably and economically remove the pollutants which are the 
cause of degradation of receiving waters. While conventional technology is well developed 
for removing organics from wastewater, the processes for the control of nitrogen in 
waste^vater effluents have been developed only recently. • 

The beginnings of "the implementation of nitrification on a significant scale occurred in the 
U.S. as late as the 1960's. The practice of nitrification was widespread in England much 
earlier. The first implementatidn of full nitrogen rem^oval was as late 'as 1969 at South Lake 
Tahoe in California and even this installation encountered many problems. A flurry of 
research and development acthrity on the various nitrogen control methods occurred very 
recently beginning in the late 1960's and continues to date. Recent legislation and state 
regulatory activities have spurred many localities into mtrogen control projects. 

Nitrogen control techniques are dhrided into two broad categories. Jhe first group of 
nitrogen control processes is involved with the conversion of organic and ammonia nitrogjj^ 
to nitrate nitrogen, a less objectionable form, T-hese processes are termed nitrification 
processes. The second category involves processes which result in the removal of nitrogen 
from the wastewater, not ju^t merely the conversion^ of nitrogen from one form to another 
form in the wastewater. This latter group includes biological nitrification-denitrification, ion 
exchange, ammonia stripping and breakpoint chlorination. ' ^ * " 

" '* 

The purpose of this manual is the dissemination of the available data on the nitrogen control 
techniques developed to date. Further, this manual is not simply an assembly of data, 
rather,* data from a variety of sources Has been scrutinized and reasonable design criteria 
drawrt on the. basis of all available sources. Where design procedures come directly from a 
single investigator, appropriate reference is made to the work. . 

This manual could not haye been prepared five years ago because of the state of nitrogen 
control technology at that time. It may well be that continuing research will require an 
Update of this manual in the future. Nonetheless, the body of knowledge on nitrogen control 
techniques is now well developed and municipalities and local agencies have a finn basis upon 
♦which 'to plan those wastewater treatment facilities which require nitrogen control 
techniques. ; 



1.2 Scope of the Manual 

This iTjaaual presents theoretical and process design information on a number of nitrogen 
control processes. While all of the posable nitrogen removal processes are discussed, details 
are presented only on those general methods which are most technically and economically 
feasible, as evidenced by tljeir actual or planned full-scale application. One exception to this 
is nitrogen control in oxidation ponds; material on nitrogen control in oxidation pond 
systems was not included because of the paucity of generally applicable design information. 
Another exception is land treatment; nitrogen removal by land treatment systems is beyond 
the scope of this manual. . ' 

The information in this manual was developed from the following sources: (1) the 
experience of the individuals involved in the preparation of the manual, (2) the EPA 
. research, development and demonstration; program, (3) the literature, (4) from progress 
^fcprts on on-going projects, (5) from private communication with investigators active m. 
tnllfeeld, and (6) from operating personnel at existing wastewater treatment plants. 

1.3 Guide to the lise^ . ' 

. ' ■ . . . _ . 

A perusal of the table of contents iVill give the reader a fairly coniplete picture of the 
subject matter contained in this manual. The following chapter-by-chapter description is 
. oriented tovvard providing a general description of the contents of each chapter. 

■ ' ■ ■ 

Chapter 2, Nitrogenous Materials 'in the Environment and the Need for ^Control in 
Wdstewater Effluents, describes the sources of nitrogen-compounds entering water bodies, 
the nitrogen transformations which take place in the erivironoient, and the effects of 
nitrogen compounds as pollutants. Also given ;in Chapter 2 is a general introduction into the 
various types of nitrogen control methods and their applicability to the individual chemical 
forms of nitrogen. Chapter 2- is useful for establishing the rationale for nitrogen removal. 

Chapter 3, Process Chemistry and Biochemistry of Biological Nitrification and Denitriflca- 
tion. is a presMitation of the basic factors affecting the growth of nitrifying and denitrifying 
organisms. With an understiinding of these factory on 'a fundamental level, the design 
concepts evoked in Chapters 4 and 5 can be better appreciated. However, should the reader 
decide not to invoke himself in basic theory. Chapters 4 and 5 are designed to stand by 
themsehres without requiring reference to Chapter 3 except when detailed explanations of 
individual points are required. . . 

Chapter 4, Biological Nitrification, presents design criteria for a wide variety of nitrification 
/, processes. Since it has been anticipated that the greatest number of manual users will be 
concerned with ammonia oxidation, ^as opposed to nitrogen removal. Chapter 4 presents 
more material than any other chapter. Both combined carbon oxidation-nitrification and 
separate stage nitrification systems are described with details, whether given on attached 
growth or suspended growth processes. The aUernative methods for pretreatment for 

■ . •. ^ • ■ 29': 

o ■ ■ ■ 
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organid carbon removal prior to separate stage nitrification systems are presented. Sections 
are included on aeration", pH cdntrol, and solids-liquid separation. ' 

Chapter 5, Biological Denitrification, completes the sequence of the three chapters on^ the 
biological approach to nitrogep removal. iDesign information is provided for both attached 
growth and suspended growth denitrification systems. For . those systems using methanol as 
the carbon source for denitrification, a section is included describing the methods for 
chemical handling* The increasingly popular systems usuig wastewater carboy sources are 
described in detail. Chapter 5 concludes with a section on soUds-liquid separation and a 
qualitftiye comparison of the alternative denitrification techniques. ' 

Chapter 6^ Breakpoint Chlorination, is the first of a set of three chapters on physical- 
chemicail techniques for nitrogen removal. Basic process chemistry is presented along with a 
host of process design considerations for breakpoint chlorination applications. Because of 
the importance of process control, details of methods are given. Information is presented on 
Jhe removal of toxic chlorine residuals. ' ^ 

Chapter 7, Selective Ion Exchange for Ammonium Removal is a presentation of the design 
. concepts involved in the use of cUnoptiloUte, a natural zeolite exchange material, for 
ammonium removal from wastewater. Ion exchange fundamentals are discussed along with 
clinoptiloUte properties. Process loading and regeneration relationships! are presented, 
Alternative methods of regenerant recovery are described. 

Chapter 8, Air . Stripping for Ammonia Nitrogen Removal describes the application^f 
ammonia stripping to wastewater treatment. The air pollution aspects of the method are 
discussed ah d general conclusions drawn. The m^jor factors affecting design and process 
performance are described. The problem -of equipment scaling and its control is given 
detailed consideration. Methods of removing ammo^a and controlling the carbon dioxide J 
levels in the stripping air are.described/ 

Chapter 9, Total System Design, describes the concepts involved in assembling various unit 
processes into rational treatment trains that can accomplish not only nitrogen rtimoval, but 
organics removal and phosphorus removal (where it is required), the main thrust gf Chiapter 
9 is to present actual examples of treatment systems that incorporate the nitrogen control 
processes described in the previous chapters qf this manual. Design.,concepts that evolved to 
suit local circumstances are giveft emphasis. • 



CHAPTER! 



NITROGENOUS MATERIALS IN THE ENVIRONMENT AND THE 
NEED/FOR CONTROL IN WASTEWATER EFFLUENTS, 



2.1 Introduction 

' * ' ' . . ■ . . . •• . » 

Various compotmds c?)ntainihg the element liitrogeaare becoming increasingly important in 
-wastewater management programs because of the many effects that nitrogenous materials in 
wastewater effluent can h^ve on the environment. Nitrogen, in its variou? forms, can deplete 
dissolved" oxygen levels in receiving waters, stimulate aquatic growth, exhibit toxicity" 
toward aquatic life, affefct chlorine disinfection efficiency,, present a pubKc health hazard, 
* and affect the suitability of wastewater for reuse.^olbgical and chemical processes Ayhich .. 
occur in wastewater treatment plants and irf the npitural environment can change the 
chemical form in which nitrogen exists: Such change niay eliminate one deleterious, effect of 
nitrogen while producing, or leaving unchanged, another effegt. For example, by converting 
ammonia in raw wastewater .to nitrate, the oxygen-deple.ting and toxic effects of ammonia 
are eliminated, but the biostimulatory effects may not be changed significahtl:^. 

It is important, therefore, prior to the detailed discussions of nitrogen removal processes 
which form the principal content of this manual, to review the chemistry of nitrogen and 
the effects that the^ various compounds can have. Several specific aspects are discussed in 
this chapter. First, -the ni|jrpgen cycle for both surface \yater and soil/groundwater 
environments is described,;!?^ on the important compounds and feactions 

associated with each. Second,^ sources of nitrogen, , both natural and man-caused, are 
discussed. Important^..elQnie|i^^^ and industrial 

wastewater, urban ^d suburban ntnoff, surface ahd subsurface agricultural drainage, and 
emissions to the, atmosphere which m^y eventually enter the aquatic env^onment through 
precipitatioi) or dustfalL Then, the effects of nitrogen discharge/to surface watpr, 
' groundwater, and l&nd are summarized. And fmally, introductory to me following chaptfers, 
a ||rief discussion is presented on the relationship 6ttween the various nitrogen compolinds 
and process removal efficiency. » / 

2.2. The Nitrogen Cycle r/. 

Nitrogen exists in many compounds because of the high number of oxidation stat^it can 
assume. In ammonia or organic compounds, the form most closely associated with plants 
and animals, its oxidation state is minus 3. At the other extreme its oxidation state is plus 5 
when in the nitrate form. Iti the environinent, changes from one. oxidation state to another 
can be brought aboitt biologically by living organisms. The relationship between the various 
compounds and the-ltransformations which .can occur are often presented schematically in a 
diagram kndwn as tfte nitrogen cycle. Figure 2-1 shows a cominoh manner of presentation J 
The atmosphere seirwes as a reservoir of N2 gas from \yhic*h nitrogen is removed naturally by 
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electrical discharge and nitrcj^en-fixing organisms and artifieially by chemical manufactur- 
ing. Ni^trogen gas is returned to the atmosphere by the action of den itrifymg organisms. In 
; the fixed state, nitrogen cai; undergo thfe various reactions shown. A general deseription of 
the nitrogen cycle is presented here, and aspects of paAiQular importance to surface water 
and soil/groundwater environments are discussed in the following sections. • 



FIGURE 2-1 




THE NITROGEN CYCLE (AFTER REFERENCE 1) 



Transformation reactions of importance^ include, fixation,, aitimonification, aWirtilation, 
nitrification and. denitnfication .2 These reactions qan be carried out by particular; 
mi(3-oorganisms,with either a net gain or loss of energy; energy considerations often play an . 
important role in determining the reactiol| which occurs. The principal compounds of 
concerrt in /the, nitrogen , cycle are liitrogen/gas, ammonium, organic nit;6geii, and nitrate. 
Tljese compounds and their oxidatiorP^tateis^ are Shown below: 

.■-3*"' 0. .. +3''. 'h-S-'- :^ ' 

• NH-/NH4 - - no: -.NO" . , ■ ■ .. ' ■ • 

* , Organic . ' 

Derivatives 

It is important to note that at neutral pH values there is very little ^molecular ammonia 
' (NH3) in wastewater as most is in the form of the ammonium . ion (NH4). The distriljutipn 
of amnjonia and ammonium as a function of pH is discussed in Section 6.1.1. 

Fixation ^f nitrogen from N2 gas to organic nitrogen is accomplished biologically by- 
. specialized .microorganisms. This reaction requires an iiivestment' of energy. Piblogical 
fixation accounts for most of the natural transformation of nitrogen to compounds which 
can be used by 'plant and animal life. Lightning fixation has been estimated to account for 
approximately 15 percent of the total which occurs naturally.3 Industrial fixation was ' 
initially developed in the early 20fh Century for manufacture of both fertilizer and 
explosives. . Presently, nitrogen fi?ced by industry is about Italf the" amount that is removed 
from the atmosphere by natural means. ' . 

Ammoriification is the change from organic nitrogen to the ammonium (NH3/NH4) fohn. 
This occurs to dead animal and plant tissue and to animal fecal matter. 

Protein (organic N) + microorganism's V ^ NH^/NH^ 

t ' . . ' '11 

Nitrogen in urine exists principally as urea. Urea is hydroly^ed' by the enzyme urease to 
amrnonium carbonate. ' 

■ HjNCONHj.2HjOf^(NH^)jC03 ^ 

Assimilation is the use of ammonium^or nitrate compounds to form plant protein and other 
nitrogen-containing compounds.' 

^ NO^ + COj + green plants + sunlight — ^ protein 

NH^/NH^ + COj + gfeen plants + sunlight ——^ protein 



Anjmals require protein ffoin plants or from other animals. With certain specific exceptions, 
they are incapable of converting inorganic nitrogen forms into organic forms. . 

The term "nitrification" is ^applied to the biological oxidation of ammonium, first to the 
nitrite, then to the nitrate,^ form. The bacteria responsible for tjies| reactions are termed'' 
chem ©autotrophic because they use inoi:ganic chemicals as their soufl^of ene*^ Generally, 
the Nitrosomonas genera aic involved in conversion of ammortium to nitjiif under aerobic 
conditions as follow?: ' 

2NH4 + 3O2 ba^teria ^ 2N0^ + 4H'*' + 2H^O - ' 

The nitrites are in ^tum oxidized to nitrate generally by JViYroiac/er according to the 
following reaction: 

The oveirall nitrification reaction is as follows: - 

' , ■ ■ : .. ■ ' .' ' • • . ■■ ■ • ■ ■ : • ' ■ 

NH4 + 2O2 NO3 + 2N^ 

• To oxidize 1 mg/1 of ammonia-nitrogen requires about 4.6 mg/1 of oxygen when synthesis of 
nitrifiers is neglected. The nitrate thus formed maV/ be used in assimilation as described 
above to promote plant growth, or it may be us^S in denitrification, wherein through 
biological reduction, first nitrite and then nitrogen gas are formed, A fairly broad range of 
bacteria can accomplish denitrification, including Psuedomonas, Micrococcus, Achromo' 
bacter, and Bacillus. In simplified form, the reaction steps are as follows; 

; • NO^ + OJSCHgOH — ^ NO2 + O.33CO2 + 

(organic carbon 

!: source) ' , . 

. NO2+O.5CH3OH — -^Q.SN^+O.SHjO + OR+O.SCOj 



(organic carbon 
soqrce) 



Here methanol is used as the exainple organic carbon source, although many natural and 
synthetic oi:ganic compounds can serve as the carbon source for denitrification. - 



Oxidatioli of organic matter to carbon dioxide arid water fumidies energy-for bacteria. 
Either oxygpn or nitrate may be used for the oxidation,.but the use of oxygen results in the 
release 6t more energy. When both oxygen and nitrate are present, bacteria preferentially 
use oxygen. Therefore, use of nitrate for denitrification can only occur Under anoxic 
conditions, an important consideration when attempting'to remove nitrate from wastewater. 

' ■ ■ ' ■ ■ ^ ■■ • 

Nitrite, since it is an intermediate in the nitrification and denitrification processes, can link 
the nitrification and denitrification steps directly without passing through nitrate.. First, 
•nitrite in formed from oxidation of ammonium by. M/ro^OTnowa^, . then nitrite ca^^^ 
denitrified to nitrogen gas. By this route less oxygen is required for nitrification and less 
organic matter (energy) is required for denitrification. This is a special case, ho\Vever, and 
not broadly applicable to municipal wastewater treatment. 

In discussing the nitrogen cycle, it is useful to differentiate between the surface water and 
Pediment environment and'the soil/groundwater environment. This aids in understanding the 
role?? that nitrogenous compounds play in each and the problems which can be, encountered. 

2.2. 1 The Nitrogen C^cle in Surface Waters and Sediments 

A modified representation of the nitrogen cycle applicable Acrhte^face water en . 
is preseipted in Figure 2-2.4 Nitrogen can be added by precipitation and dustfall, surface 
runoff, subsurface groundwater entry, and direct discharge of wastewater effluent. In 
addition, nitrogen from the atmosphere can be fixed by certain photosyhthetic blue-green 
algae and some bacterial species. 

Within the aquatic environment ammonification, nitrification^ assimilation, and denitrifica- 
tion can occur as shown in Figure 2-2. Ammonification of organic Yiatter is carried out by 
microorganisms, the ammonium thus fonned, along v^th nitrate, can be assimijated by 
algae and aquatic^ plants; such growths may create water quality problems. 

Nitrification of ammonium can occur with a resulting depletion of the dissolved oxygen' 
content of the water. To oxidise 1.0 mg/1 of ammbnia-riitrogen, 4.6 mg/1 of oxygen is 
required. . ' . . 

^Denitrification produces nitrogen gas which may escape to the atmosphere. Because anoxic^ 
conditions are required, thQ oxygen-deficient hypolimnion (or lower layer) of lakes and the 
sediment zone of streams and lakes are important zones of denitrification action.4 

2.2.2 The Nitrogen Cycle in Soil and Groundwater ' 

Figure 2-3 shows the* major aspects of the nitrogen cycle associated with the soil/ground- 
^Swater environment^ Nitrogen can enter the soil from wastewater or wastewater effluent, 
artificial fertilizers, plant and animal matter, precipitation, and dustfall. In addition. 
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THE NITROGEN CYCLE IN SURFAGE WATER' 
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- 'FIGURED, . ;,, . ■ ; 

■ ■ ■. ■■: ■ ■ * , • ''C, , ■: • ^ ■■^ ., ... 

/ , ■ ITffi NITROGEN CYCLE IN SOIL AND GROUNDWATER (AFTER REFEM^ 

mrnm ] : ' ' -'v 

mCMTAllON .,■ AND ■ M(f . 

MB. NAITINAnR *' -MNiRAl RltlOUE, ; . , 

OMTFAU. ■ IfflUWT FtRTIUZM COIffOiT ATWIfHERE 




. mtTom-tv^mg Ut^Tii w gas into forms avllable to plant Ufe. Man Has 

^ ^^^^^:^mom of nitr|)gen fixed biologically by cultivation of leguminous crops (e-^^ 
.:F«as.,^(l;be3ns). It. is estimated .that nitrogeh, fixed by legiim^s nijjv^: accounts foV 
appridxirta.tely. 25 percent ■* ' . ' :-\-y^ /r''' -^-^'. 

; . UsuaUy ;i^ofe than 90 percenUof the nitrogen present in soil is organic, eith'er ln living plants'- 
and. animals or in humus originating from decomp'osition of plant and animal residues. ^Most 
.of tbe remainder is ammonium (m%), which is tightly bound to soil particles. 

■ •' •' .'. • ': ;■ ■ . ■ . • ■ ■ • •■ -A'-- ': .. 

• The nitrate content is generally low due to assimilation by plant roots and leachihg by water 
Vp^rcolating' thraugh the soil. Nitrate pollution is the principal groundwater quality prbblein" 

in many . areas. . E^ehitrification, which is the dominating reaction below the aerobic top layer. 

of sou, rarely T^moyes a^ nitrates adde^ to . the soilftom fertilizers or wastewater effluents 

Thus, most. ottlxe. hifrQgen;;Which is not assimilated ^)y plant growth eventuaUy enters the 

groundwater table ill tlie;nitrate; form. ' 1 ■ .. 

/^.Sources of Njtrogen--\^^'^^^^^^^^^^^^ ^ - < ■ ■ ■ ' 

■ Nitrogenous Jriaterials iiiay enter the aquatic environment, fiiom either natursa ^r ipiiiTC 
sources, Further; the quantities from natural sources are otten;ihcrea^d 'by , i^^^^^^ 
For example, while biiie. nitrogen may be expefcted in rain faU, the corabustioh^f fossil 
fuels or the application of liquid ammonia agricultural fertiUzers with Subsequent release to 
the air through volatilizatiori can increase Rainfall concentrations of nitrogen sujistantiaUy. It 

• is useful to have an .understanding of the various sources of nitrogenous niaterialkand to 
have an appreciation of. the quantities of nitrogen which may be expected from each.. , 

Althou^, the source of nitrogen causing a Spe'cific pollution problem is' off^ft .i^ 
difficMlty^may be encountered in determining which, of several possible sources ir m^^^^^ 
impprtai^t' As an example, if a stream with' excessive aquatic growths due to' .nitrd^en' 
rece^yes• effluent from a sewage treatment plant, drainage from fertilized fcropiand,' and 
runoff from pastures or f^edlots, the contribution of nitfogen from the treatment plant may 
b^ a small fraction of that from the other two sources. Thus, ui analyzuig a nitrogen' 

possi^le^sources are inMesti'gated 
and that tli^ amount to be expected fronfi each i's%9Ufateiy estimated. Once an estimate is 
•made,' nifmgen control measures can be oriented toward the more significant sources., ■ 




Sources 



m^riVsox^tcts -oimtxoztnm substances include precipitation, dustfall, nonucban ninoff, ' ^ 
mA biological fixatfon. Amounts from all may be increased in some way by man. It may be 
quite difficult to determine 'q.ii^ntities which might be expected under completely natural '', 
conditions. ' vV;:. .■ • 
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In .order to .find levels of nitrogenous substances in precipitation; which are as close to 
^."natural" as possible, it is "necessary to take samples farjrom urf)an._or agricultural -iireas. 



Even these values may be suspect, however. In one review of nutrient levels in precipitation, 
total nitrogen in rainfall in Sweden was cited as 0.2 mg/J.6 The average concentration of 
nitrogen in western snow samples, mainly In the Sierra Nevada Mountain's, was 0.J 5 ppm of 
ammonia-nitrogen, 0.01 ppm of iiitrite-nitrpgqn and 0.02 ppm of nitrate-nitrogen. How 
representative such values Ire 6f "ilaturar\ conditions cannot be determined with any 
certaility;:-^^ • * /■ 

The qutotiiie^ of nitrqg^^^ nonurban runoff frorii non-fertilizeti land may be expected to 
vary gr^tiyr depehdihg^;^^^^ the erosivfe characteristics of the soil. One study found that 
runoff fi^bm fdrest^d land in Warfiington contained 0,13 mg/1 of flitrate-nitrogen and 0.20 
m^/l of tpi^ nitrbgen:?^^ 

BioIbgicai;i[b(?tion .n^^ nitrogen to both* soil and surface water environments: Of 

particular intetQ&t is tl^^ of fixation in eutrophication of lakes. Certain photosynthetic 
blue-green iiigae, s^ species 'of^A/'o^/oc, Ari^ibaena, Gledtrichia and Calothrix, are 

common mttQgenfixers.^^^^^^^^ 

As much as 1 4 percent of the total- nitrogen entering eutrophic Lake Mendota, Wisconsin,* 
was added by fixatfOn,'*;;1'he'r in oligotroplflc lakes has not been 

established. ' » 

2.3.2 Man-caused Sources 

' i, . _ ■ , ■ . ■ ■ ' 

The activities of man inay increase quantities of nitrogen added to the aquatic 
environment from three^^of the soxirces discussed above: precipitation, dustfall, and 
nonurban runoff. These SojUrces are increased^ principally by fertilization of agricultural land; . 
and the combustion of fossil fuels. 

Other man-related sources include runoff from urban areas'Snd livestock feedlots, municip^'* 
wastewater effluents, subsurface drainage froiji agricultural lands and from septic tank leach , •. 
fields, and industri?bt wastewatei;s. "^y ^P 

Nitrogen concentrations in raw municipal wastewaters ^e jwell documented:458,9 Values 
generally range from 15 to 50 mg/1, of which approximately 60 percent^is ammonia- 
nitrogen, 40 percept is organic nitrogen, and a negligible amount (one percent) 1& nitrite- and 
nitrate-ni.trogen. UAless wastewater treatment: facilities are designed to remove nitrogen 
specifibaily, most y/ill pass, thifeulgh the treatment works to the receiving waters or land 
disposai>^te. An e?tiyriate*for the IbtaJ amount rpfi;utrogen discharged into sewerage systems 

in domestic ^^ste>yater is 0.84 million metric tops per year in the United States 9 

•■ ■ * ^ ' « ' . . . ■ ' 

Nitrogen discharged into individual septic tank sjr^stems can also create pollution problei^s. 
It has been ^timated that up to ^ percent of the national population utilizfes individual 
systems,9 • contributing up to 0.23 n\illion me^ic tons of nitrogen annually. In a 
well-operating septic tank system, most of the nitrogen leaving the^Hank will be converted to 
nitrate in the leaching field. This may then percplafe downward to a groundwater table.- 

' ' • •2-9- ^^K' • 



; Problems from high nitrate cdhcentratiohs occasionally occur when septic tank , waste . 
disposal is located near shallow .wells used for. water supply, particularly on the fringes of 
urban areas where the j^opulation density may be fairly high. . . 

The nitrogen content* of industrial wasti?s varies dramatically from one industry to the next. 
Among those industries whose wastewater /.nifrogeilyicon tents may be qujte high are meat- 
processing plants, milk processing plants, pfitr^leum refineries, ice plants, fertilizeri. 
manufacturers, certain synthetic fiber plants, and industries using ammonia for scouriifg ajid 
cleaning operations.4 . • • . 

Feedlot runoff constitutes a source of nitrogen whigh has become significant as a result of 
the increased number of concentrated, centralized feedlots. Ammonium is a" major 
constituent of feedlot waste as a result of urea hydrolysis* Ammonia-nitrogen concentra- 
tions may reach 300 mg/l,^?^''*^ and organic nitrogen concentrations of up to 600 mg/1 
have been reported.8,10 The total annual nitrogen load^.. from: livestock in the U.S. is 
estimated to be 6.0 million metric tons.^ While the majonty;;of;th^ am apparently 
. stilj raised on small farms, the, trend toward feedlot d]peV.a.tion^ i^^'continuing, and' unless 
steps are taken to prevent drainage, and runoff, serious localized problems can occur. 

Urban runoff can contribute significant quantities of nitrogen to receiving waters during and 
after periods of precipitation. Average concentrations which have been reported are 2.7 mg/1 
t total nitrogen in Cincinnati,' • 2.1 mg/1 total nitrogen in Washington,.D.C.,'2 2.5 mg/1 total 
nitrogen in Ann Arbor, Michigan, ^^ ^^d 0.85 rn^l organic nitrogen in Tulsa, Oklahoma. 
Sanitary or combined sewer overflows can also add to the nitrogep load. 

The use of artificial fertilizers has increased the nitrogen concentrations which can be 
expected in nonurban runoff. 'In rural Ohio, runoff from a 1.45 acr<e, ;fiefd planted in winter 
wheat contained an average of 9 mg/1 total nitrogen. For agricultural land in Washington,* 
the nitrate-nitrogen concentration was 1.25 mgJlJ On a 75-acre site in North Carolina 
which consisted of grassed pasture, wooded pasture, com field, and orchard, the mean 
nitrog^^coiieeifitration in the runoff was 1.2 mg/l.'^ -v; . 

§ut>surf ace. irrigation drainage, from fertilized cropland can contali^;^j|^gh concentrations of 
;»flitrates. In ,a^cultural areas of California's San Joaquin Valley, 'riibnitoring of, subsurface 
tiife •afaJriage systems between 1966 and 1968 showed average nitrate-nitrogen concentra- 
tions of 1 9.3 mg/1. 1 7 . * 

In the same way that increased nitrogen concentrations in nonurban runoff and subsurface 
drainage have been caused by man's activities, increased nitrogen levels in precipitation and 
dustfall have' also resulted. For example, high ammonium coit^entrations in spring rains in 
California are due to the use of liquid ammoniuipo. fertilizers there.6 Most atmospheric 
nitrogen (other, than nitrogen gas), however, is .assoeia^d with soil picked up by the wind 
and can be returiied to earth by gravitational seitfihg (dry fallout) or in precipitation, and 
several studies have been conducted to determine the quantities to be expected from such 

2-10 . 



sources. The 10-year;'avera&e^ of ^Im^6i6i](i^^ concentrations in rainfall at 

Geneva, New York;^was l^ nig/it^;§i\<j\v samples from -Ottawa, Canada, over 17 years 
contatoed in average of p:^5"ppiri{ii^^^^ nitrogen.^ Rainwater from the same area for 
tKe same period had: ;:cb^^ of 1.8 mg/1 ammonia-nitrogen and 0.35 mg/1 

nitrdte-riitrogen. In raiiifaU measurements at Cincinnati, Ohio, total and inorganic nitrogen 
•concentrations' were 1.27 - and 0.69 mg/1, respectively. ^ 5 por a rural area hear Coshocton, 
Ohio, the respective concentre . - . 

A study made hear Hamilton, Ontario, was cited^ which related dustfall to rainfall. It was 

found that the; nitrogen fall totaled 5.8 lb per acre per year. Approximately 61 percent of 

the nitrogen came^own on rainy days, which constituted 25 percent of -the days, monitored 

dilring the test. . ^ 

. ., . ■ ' - ■ * . 

In a study on dustfall in Seattle ^ 8 the fall rate for soluble nitrate-nitrogen was 0.63 lb per 

acre per .year. The concentratibn of nitrate-nitrogen in the total dustfall was 700 ppm. 

As a summary to this discussion of sources of nitrogen. Table 2-1 shows estimates of 
nitrogen .quaintities discharged from various sources in the San Francisco Bay Biasin, 
California. 19 The bay basin has a population of about 4,500,000 people, a land area of 
4,3.00. square miles, and a water surface area of about 450 square miles. Because of the high 
population density, the greatest amount of nitrogen discharged is from municipal and 
industrial sources. This table is presented only as'an example. Care must be taken for each 
case-to accurately evaluate the significance of each source. 

' ^ TABLE 2-1 



ESTIMATED NITROGEN LOADINGS FOR 
THE SAN FRANCISCO BAY BASIN 



* ' " • a , - ' 
Identified Nitrogen Source 


Nitrogen mass emission, 
thousand lb per. year 
(thousand kg per year) 


Percent 
of 

total 


Municipal wastewater, before treatment 


55,000 


. (26,000) 


• 

'49- 


Industrial wastewater, before treatment 


35,000. 


(i6,aoo) 


' 30. ■ 


Vessel wastes , before treatment 


130 


( 60) 


. 0.1 


Dustfall directly on Bay 


1,300 


( 590) 


1.1 


Rainfall directly on Bay 


870 


( 390) 


0.8 


Urban runoff 


3,100- 


( 1,400) 


2 .-7 


Non-iiirban runoff ' 


4,100 


( 1 ,900) 


' , 3.6 


Nitrogen applied to Irrigated agricultural land 


2,000 


( . 900) 


\ 1.7 


Nitrogen from dairies and feedlots 


13,000 


( 6,000) 


11 


Total 


118,000 


(53,000) 


100 

« * — 



From Reference 19 

major source not included lis biological fixation 
'^An estimated 50 percent percolates to groundwater 



2-II 43 



2.4Effectsof Nitrogen Discharge ■ . 

It was previously noted that nitrogenous compounds discharged from wastewater treatment 
facilities can have/ several deleterious effects. Alfhough biostimulation of receiving waters 
has generated the most concern in recent years, other less well publicized impacts can be of ' 
major importance in particular situations. These impacts include toxicity to fish'lifei 
reduction of chlorine disinfection efficiency, an increase in the dissolved oxygen depletion 
in receiving waters, adverse public health effects — principally in groundwater, and a 
reduction in the Suitability for reuse. * 

. 2.4.1 Biostimulation of Surface Waters 

A mjgor problem in the field oiff water pollution is eutrophiqation, excessive plant growth 
iand/or aljgae "blooms" resulting from over-fertilization of rivers, lakes, and estuaries. Results 
of eutrophication include deterioration in the appearance of previously clear waters, odor 
problems from decomposing algae, and a lower diss61ved oxygen leyel which can adversely 
affect fish life. . 

Four basic factors arp required for algal growth: nitrogen, phosphorus, carbon dioxide, and 
light energy. The absence of any one will limit growth. In special cases, trace micronutrients 
such p cobalt, iron, molybdenum and manganese may be limiting factors under natural 
cofiditions. ^ 

Good generalizations concerning which factor is growth limiting and at what concentration 
are difficult to make. Light and carbon dioxide are essentially impossible tocontrol. Both 
nitrogen and phosphorus are present in waste discharges and hence subject to control. The 
questions which must usually be answered when faced witii a eutrophication problem are: is 
nitrogen or phosphorus (or neither) the limiting nutrient, and if either one is, can the 
amount entering the receiving water be si'gnificantly reduced byremoving that nutrient from 
the waste stream? In some cases algal assay procedures may allow a conclusion as to which 
nutrient is limiting. Under some circumstances, ho^yever, removal of both nitrogen and 

phosphorus may be undertiaken to limit algal growth. . 

* . ' • ■ ' ■ '■ , ■ ■ 

Eutrophication is of most concern in lakes because nutrients ^yhich enter tend to be. 
recycled within the lake and build up over a period of time.9 A river, by contrast, is a 
flowing system. Nutrients are always entering or leaving any given section. Accumulations 
tend to occur only in sediment or in slack water, and the* effects of these accumulations are 
normally moderated by periodic flushing by floods^ 

In^ estuaries and oceans, nitrogen 'compounds are often present in very low concentrations 
and may limit the total biomass and the^pes of species it contains.^ Thus, upwelling, 
which brings nutrient-rich water^ to, the surface, m^y result in periodic blooms of algae. pr 
other aquatic life. While in some estuaries discharges from \yastewater treatment plants may 
increase nitrogen concentrations to the level where blooms occur, the high dilution provided 



2-12 




by a direct ocean discharge probably eliminates the danger of algae blooms caused by such 
discharges. In summary, While nitrogen in wastewater treatment plant affluents can in 
particular cases caus& undesirable aquatic growths, determination of the limiting constituent 
and other sources of that constituent (such as feedlot runoff or fixation) should be made 
before the decision is made to require nitrogen removal from municipal wastewaters. 

: 2.4;2 Toxicity 

i ' ' ■ 

The principal toxicity problem is from ammonia in the molecular form (NH3) which can 
adversely affect fish life in receiving waters, A slight increase in pH may cause a great 
increase in toxicity as the ammonium ion (NhJ) is transformed to immonia in accordance 
with the following equation. 

: • TSH^ + OH" .5=5: NHg + - 

Factors which may increase ammonia toxicity at a given pH are: greater concentrations of 
dissolved oxygen and carbon dioxide; elevated temperatures; and bicarbonate Alkalinity. 
Reported levels at which acute toxicity is detectable have ranged from 0.01 mg/P to over 
2.0 mg/l20 of molecular ammonia-nitrogen. 

2.4.3 Effect on Disinfection Efficiency 

When chlorine, in the form of chlorine gas or hypochlorite salt, is added to wastewater 
containing ammonium, chlorarnines, which are less effective disinfectants, are formed.,The 
major reactions are as follows: . 

• .. . ' • +■■ 
NH4 + HOCl 5;=!=' NH2CI (monochloramine) + HjO + H 

. NHjQ + HOa NHCI2 (dichloramine) + H2O 

•' NHCL + HOCl ^^ii^r NCU (nitrogen trichloride) + H^O 

Only after the addition of large quantities of chlorine does free avaUable chlorine exist. If 
the effluent ammonia-nitrogen concentration were 20 mg/1, about 200 mg/1 of, chlorine 
would be required to complete 'Jie reactions ^ith ammonium and organic compounds. Only 
rarely in wastewater treatment f this level of chlorine Addition ("breakpoint" chlorination) 
used. Therefore, %s a practical matter, the less effective combined chlorine residuals 
(monochloramine Ind dichloramine) must be relied upon for disinfection. This results in 
increased chlorinp^ose requirements for the same level of disinfection. Further information 
on the relative effectiveness of free chlorine and combined residuals is presented in Section 
6.2.7. " ■ . . v 

. ■ " ' ■ • ■ ■■ rf 
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* " • ■ . ■ . • 

24.4 Dissolved Oxygen Depletion in Receiving Waters * - - 

■ V ■ • • • " • ■ ^ \ 

Ammonii^m can be biolo^cally oxidized to nitrite and then to nitrate in receiving waters 
and thereby add to the oxygen demand imparted by carbonaceous materials. Table 2-2^ 
shows a typical exampi^ of thg removal of tot^l oxygen demand obtainable with varying 
degreed oP^ treatment. If either conventional biological trucmerift or physical-chemical 
treatment i^^ utilized to provide 90 percent BOD5 removal, ^^i^jffluent will be discharged 
which still, contains oveH'OO mg/1 of oxygen, demand. This high level of oxygen demand 
may cause significant oxygen depletion in the receiving water if insufficient dilution is 
available. Nitrification (or ammonia nitrogen remoyal) will reduce the total oxygeri.demand 
of the effluent b less than 40 mg/1. ' ' . ' 

The Potomac EstVary in the United States22 arid the Thames Estuary in Great Britain23 are 
examples of estuaries which are greatly affected by nitrification. Figure 2-4 shows, ^ a 
function of JKe degree of nitrification provided by wastewater treatment facilities, the 
estimated discharge M ito the Thames Estuiary which will cause the maximum oxygen 
depletion to be 10 percent of saturation. The calculation assumes an"^ effluent BODs of 20 ' 
mg/1, an effluent organia^plus ammortia-nitrogeh concentration of 19 mg/1, and discharge at 
a point Ip miles above\Lon'don Bridge. From the figure, the allowable discharge for 
non-nitrified effluent is abo^t 12 mgd', while fbr completely nitrified effluent, over 40 mgd 
can be discharged. \^ 

. 2.4:5 Public^Health \ ' " ' ' 



EKLC 



The public health hazard from niftogen .is .associated with the nitrate form and is limited 
-'^ principally to groundwater- where .l:ii|^ can occur. Nitrate in drinking water 
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EFFECT OF AMMONIUM REMOVAL ON TOTAL OXYGEN 
DEMAND OF WASTEWATER TRB^^TMENT PLANT EFFLUENT 



Parameter 



Organic matter, mg/1: 
Organic oxygoft demand, mg/l 
Organic and ammonia nitroigeni mg/l , 
Nitrogenous oxygen demand (NOD) mg/l 
Total bxygen demand (TOD) mg/l 
Percent of TOD due to nitrogen 
Percent 'organic oxygen demand removed 
Percent of TOD removed 



Raw 
wastewater^ 



250 
375^ , 

25 
115? 
490 

23.5 



Final effluent 



Organic carbon 



j^After Reference 21 

Taken as l.Stimes organic, matter 
^Taken as 4,6 times the nitrogen leyel 
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. With amnjonium 
and organic carbon 
removal 



20 
30 

1.5 

7^ 

18.9 

92 

92.5 




was* first associated in 1945 with methemoglobinemia, a sometimes fatal blood disorder 
which affects infants less than three months old. When water high in nitrate is iised for :^ 
preparing infaynt formulas, nitrate is reduced to nitrite in the stomach aiFter ingestion. The 
nitrite^ react with hernpglobin in the blood to form'methemoglobin, which is. incapable of 
carrying Qxygen. The result is suffocation accompanied by^ bluish tinge to the skin, which ; 
accounts for the use of the term "blue babies*' in conjunction with methemoglobinemia. In , . 
suspect areas water should be analyzed for both nitrite and nitrate since either form m^l, 
cause methemoglobinemia. r . ' 

' • • ■ ' • ' • . , ' ^ ■ ■ . ' ' . ■ ■\- . " ' ■ 

: •- FIGURE 2-4 

ALLOWABLE EFFLUENT DISCHARGE Il^ITO THE THAMES ^ 
' : (AFTER REFERENCE 23) • : : 
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40 
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20 



10 



BOD5 OF WASTEWATER EFFLUENT : 20 mg^l 
POINT OF DISCHARGE ; lOMILES 

ABOVE LONDON BRIDGE . 
MAXIMUM OXYGEN DEPLETION: 
10 PERCENT OF SATURATION 




25 



50 



75 



100 



- PERCENT NITRIFICATION 
OF WASTEWATER EFFLUENT 
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Since 1945 about 2,000 cases of methemoglobinemia have been reported in the U.S. ana 
Europe, with a mortality rate of sejveri to eight percent. Because of. difficulty in diagnosing\ 
the disease and because no reporting is required, the actual incidence may be many times ^ 
^ higher, ^-0 '. ■ '^V;.);'^' ' ' • ' " ' " ' i 

The EPA's interim primary drinking w^ter standard (40 CFR 141) for nitrate is 10 mg/1 
as nitrogen. This standard is exceeded most often in shallow wells in rural areas. 



^.4:6 Wafer Reuse 



5<?; . 



While direct wastewater reuse for domestic water supply is not yet a reality because of 
public health considerations, plans for industrial reuse are being carried out in several areas. 
^. When reclaiming wastewater for industri^ purposes, ammonia may need tb be lemoved in 
order to prevent corrosion. Further, nitrogen compounds can cause bjostimulation in 
. cooling towers and distribution structures. . • 

■ . ' .:.,[■ ■ 

2.5 Treatment Processes for Nitrogen Removal * 

' V In the past several years the number of processes. utilized in wastewater treatment has 
-increased rapidly. Many of these^jJrocesses have been developed with the specific purpose of 
5 . - transforming nitrogen compounds or removing nitrogen from the wastewater stream. Others 
y ;.can remove several compounds, including significant amounts of nitrogen. Still others may 
V; -re only a small amount of hitrogen.or a particular form of nitrogen which is a small 
' ^^ v^;-^a^ of the total. . ^ ; • 

' '^^-y ' ■ . • ■ ■ ■ *■■''■ ■ ■ ' ' 

In determining which, method is most suitable for a particular application, consideration 
must be given to six princip^^ aspects: (1) form and concentration of nitrogen compounds in 
the process influent, (2) /requii-ed effluent quality, (3) other treatment processes to be 
employed, (4) cost, (5) reliability, and (6) flexibility. Great care must be taken in 
developing and evaluating alternatives, 

"Presented below are brief descriptions of tfe. various, ^rocess.es. employed jn w 
treatment' facilities which, to varying, degree? -iremoV^/niJitogei^^ stream. 




•i' 



J 
1' 



Nitrogen in raw domestic wastewaters is prindpaUy^^^ form^^li^ 
soluble and particulate, and ammonia. The soluble organic nitrogen^'mal^^^ 
urea and amino acids; Prijnary sedimentation acts to ret^ovQ a portif^lj^'^^ 
organic matter.^ This generally will amount to less than 2ft! percent '^^^^ nitro^n^ 
entering the plant. . • 
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BiologLtal treatment, will i^move more particulate organic nitrogen and transfomvsome to 
ammoniqm and other inorganic forms. A fraction of the ammonium present in the waste 
will be assimilated into organic materials of cells formed by the biological process. Soluble 
organic nitrogen is , partially transformed to ammonium by microorganisms, but concentra- . 
tions of 1 to 3 mg/1 are .usually found in biological treatment effluents;.24 Through these 
processes, an additional 10 to 20 percent of the total nitrogen is removed when biological 
treatment and secondary sedimentation follows primary sedimentation. Thus, total nitrogen 
removal for a conventional primary-secondary facility will generally be less than abou^^O 
percent. • 

' a; . ■ ; ■ . / ■ ■ ;. . • . 

, * 2.5.2 Advanced Wastewater Treatment Processes 

■ • ■ ■ r ./ • 

Advanced treatment processes designed to remove \yasfe water constituents ^^other .than 
\ nitrogen often ren>'ove some nitrogen compounds as well. Removal is often restricted to 
particulate forms, and overall removal efficiency is rarely high. 

Tertiary filtration/can remove a significant fraction of the organic nitrogen present. Overall 
removal depends pn the amount of nitrogen in the suspended organic forn>. A^IRted above, . 
most of the org^ix: nitrogen in secondary effluent is insoluble, but ammonium usually 
accounts for the majority of the total nitrogen. Carbon adsorption, used to remove residual 
; prganics, will also remove organic nitrogen. The amount of organic; nitrogen remaining at 
that point in the' treatment scheme will generally be quite small. . 
.' . ■ ' ' ^ ' ■ »• 

Electrodialysis and reverse osmosis ate terll^^'^j^ocesses used primarily for reduction of 
total dissolved solids. Nitrogen entering such^^fems is mainly in the ammonium or nitrate 
form. Ejectrodialysis can be expected to remove about 40 percent of these, forms; reverse 
os'mosis, 80 percent. However, these processes are not currently in use for treatment of 
municipal wastewater, ; 

Chemical coagulation, often utilized for phosphate removal, also aids in refnoval of 
particulate matter, including particulate organic nitrogen. While chemical coagulation does 
not remove ammonium directly, lime additfon is used prior to ammonia stripping (discussed 
in Section 2.5.3,4) in order to raise the pH and allow the process to proceed. 

Land disposal may bo used to remove nitrogen. Rflnoval occurs when the effluent is used 
for irrigation '^p^ nitrogen assimilated by growing crops which are 

subsequentiy' harvested. However, nitrogen removal by land treatment systems is not within 
the scoffS of this manual. . . ^ . ^ 

■ . ^y^-: .'^ . • ■■ ^ ■ ■ 

2.5.3 Major Nitrogen Removal Processes . 

■ ./\ .. . ' , ■ ■;• ^ : , • ^ ■ , .■ ^ 

T-he majjor processes considered in this manual are nitrification-denitrification, breakppint 
chlorination (or superchlorination), selective ion exchange for ammonium removal, and air' 



strippihfe for ammonia removal (ammonia stripping). These are the prqcesses which are 
techiUD^y and economicajyiy most viable at the present time. 

/ 2*5.3. K Biological Nitrification-Denitrification . j , - • . 

\i - ■ , ■ ' ■■■■ .. ■ . ■ . , 

Biological nitrififcation does not increase the removal of nitrogen from the waste stream ovfer 
that achieved by conventional biological treatment. The. principal effect of the nitrification 
treatment process is to transform ammonig-nitrogen to nitrate. The nitrified effluent can 
then be denitrified biologically. Nitrification is also jised without subsequent biological 
denitrification'» when treatment requirements call for 'oxidation of ammoniarnitrogen. 
.Oxidation of ammonium can be as high as 98 percent. Overall transformation to nitjja^e 
depends on the exten^t to which organic nitrogen is transformed to ammonia-nitrogen in the 
. secondary stage' or '.is removed by another process. Nitrification can be carried out in - 
conjunction with secondary treatment or in a tertiary i5tage;in both cases, either suspended 
growth reactors (activated sludge) or attached growth reactors (such as trickling.filters) can 
be used. , ' • 

Biolopcal deriitrification can also be carried ottt in, either suspended gro.wth or attached 
V growth reaqtors. As previously noted, an anoxic environment is required for the reactions to 
proceed. Overall removal efficiency irf a nitrific'ation-denitrificatitjn plant can range from 70 
to 95 percent ^ . 

2.5.3.2 Breakpoint ChlorirJ/ation 

Breakpoint chlorination (or supercHlorination) is accomplished by the addition of chlorine 
to the waste stream in an amount sufficient to oxidize ammonia-nitrogen to nitrogen gas. 
After sufficient chlorine is added to oxidize the organic matter and diher readily oxidizable 
substances present, a stepwise reaction of chlorine with ammonium takes place. The overall 
theoretical reaction is as follows: 



V 3CI2 + 2NH4— N2 + 6HC1 + 2H"*" 

In iJractice, approximately 10 mg/1 , of chlorine is required for every 1 mg/1 of 
ammonia-nitrogen. In addition, acidity produced by the reaction must be neutralized by the 
adcjition of caustic soda or lime. These chemicals add greatly to the total dissolved solids and 
result in a substanjdal operating expe^rise. Often dechlorination is utilized following 
breakpoint chlorinatibn in' order to ^e^uce the toxicity of the chlorine residual in the 

effluent % 

* - " ,p 

An important advantage of thi^ method is that ammonia-nitrogen concentrations can be 
reduced to^ iiear zero in the efflyent The effect of .breakpoint , chlorination on organic 
nitrogen itfii uncertain, with contradictory results presented in the literature. Nitrite and 
; nitrate are not removed by this method. r 
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2.533 Selective Ion Exchange for Ammonium Removal . 

, "■ ■ . . . . ■ . 

Selective ion exchange for removal of ammonium from wastewater can be accomplished by 
passing thfe;|>^astewater through-a column of clinoptiloM^^si occurring zeolite 

which has i High selectivity for ammonium ion. The fi^^^x.tehs^^^ was undertaken in 
1969 by Battelle Northwest in a federally sponsored d^'o^^ Regeneration of 

the clinoptflolite is undertaken wfiSn aU .the jexcharige^^ and breakthrough 

occurs, : . :. • . . ^ • 

Filtration prior to ion exchange is usually required to prevent fouling of |J|e. zeolite. 
Ammonium removals of 90-97 percent .can be e^tpected. Nitrite, nitrate, /artd organic 
nitrogen are not affected by this process; 

2.5.3.4 Air Stripping for Ammonia Removal - 

Ammonia in the molecular form is a gas which dissolves in water to an extent controlled by 
the partial pressure of the ammonia in the air adjacent to* the water. Re^Mfing the partial 
pressure causes ammonia to leave the water phase and enter the air. Ammonia removal from ^ 
wastewater can be effected by bringing small drops of water in contact with a large amount. 
of ammonia-free air. This physical proce ^ is termed de s^tion, but the common name. is . 
"ammonia stripping." ^ ' ^ r 

In order to strip ammonia from wastewater, it mus\be in the molecular form (NH3) rather 
than the ammonium ion (NH^ form. This is accomplished by raising the pH of the 
wastewater to 10 or 11, usually by the addition of lime. Because lime addition is'ofteh used 
for phosphate removal, it can serve a dual role. Again, nitrite, nitrate, and organic nitrogen 
are not affected. 

The principal problems associated with ammonia stripping are its inefficiency in cold 
weather, required shutdown during freezing conditions, knd formation of calcium carbonate 
scale in the air stripping tower. ' 

The effect of cold weather has been well documented at the* South Lake Tahoe Ihiblic 
Utility District where amm(w4a stripping is used" for a 3.75 igrigd ^tertiary facility. The 
stripping tower is designed to remove 90 perc^t of the incoming ammonium during warm 
weather. During frieezing conditions, the' to\y^r is shut down. One mechanism of scale 
formation is attributed to the carbotfi dioxide in the air reacting with the alkaline wastewater 
and precipitating as'calcium carbonate.22 in some instances, removal with a water jet has 
been possible; in other applications the scale has been extremely difficult to remove. Some 
factors which may affect the nature ;of the scale are: orientation of air flow^recirculation of 
sludge; pH of the wastewater, and chemical makeup of the wastewater.22 



In additiojh to the processes listed above, there are other methods for nitrogen removal 
which might usefully be discussed. Most are in the experimental stage of .development or 
occur coincidentally with another process. ' . * ' V 

.• . ' * ' ■ * ' • • 

Use of ^pnic exchange resins for rfem oval of nitrate was developed principally for 
treatment of irrigation return waters.22 j^o major unsolved problems are the lack of resins 
•which have a high selectivity for nitrate over chloride and disposal' of nitrogen-laden . 
^ regenerants. : -V .. -^Vj- . } " . ' :^ 



Oxidatipri ponds can remjptf^trogeri through micipbial denitrificatiop^^^^^ 

bottom layer or by ammonia emission to the atmosphere. The; latte^^^ is essentially 

jmamonia stripping but is relatively inefficent due to a low surface-volume ratio and low pH. 

f||P^ itudy of raw wastewater lagoons in California, removals of 35:^5 percent were reported 

. fprW^ *, 

* Nitrogen in oxi(J^jin ponds is assimilated by %al cultures. If the algal cells af^ fenlpvfed 
from the pond eflflireSt stream, nitrogen rempyal is thereby effected. Methods for rempvkl 
of algae are summarized in the EPA Techrialbgy Trans%^ Upgrading 

. Lagoons.^^ '^^^^^^ ^ - ' . ' ' ' N , * ' *^ . 

It wasffljioted previously that; ih secondary biological treatment aiid ih lfitrification, some 
nitrogen is incorporated in bacterial cells and is removed from the waste stream.with the 
sludge. If an* organic carbon source such as ethanol or glucose is added to the wastewater, 
the solids production will be increased and a greater nitrogen removal - will' be effected. 
Disadvantages are that large quantities of sludge are producpd and that difficulties occur in 
regulating the addition of the carbon source; with hi^effiuent BOPj^r-^alues or high 
nitrogen levels resulting. 2 ^- ...-v, ' 

.... 

2.5:5 Summary . . 




Table 2-3 summarizes t fie effect of various treatment processes on nitrogen removal. Shown 
is the effect that the process has on each 6f the three major fprins: organic nitrogen, 
ammonium, and nitrate. In the last column is shown normal remova|^)ercentages which can 
be expected from that proems. Overall removal for a particular treatment plant will depend 
on the types of unit proce^es and their relation to each pther. For example, while many 
processes developed for nitrogen removal are ineffective in removing organic nitrogen, 
incorporation of chemical coagulation or ipultimedi^ filtratipn into the oyei:all flpwsheet 
can result ^in a low concentration of o^anic nitrogen in the plant effiueiit Thus, the 
interrelationship between processes must be carefully' analyzed in designfh^ ?pr hitrogeq 
'removal. Further discussion of process interrelationships is presented in Chapter 9. 

V"*- ■ ■ ' ' • v« 'V ■ ■ ■ 

•V ' • •■ , • V 
■ v.e^.i- ■ . •••• • " ^ • 

• . ■ . • : 
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.tABLE2-3 . ■ . ■ 

EFFECT Pif VARIQUS TKEAJMENT NITROGEN COMPOUNDS 



■■ ■ ■ 
'iVcCatment process ' ' ■. V'' 


• . « ^ ■ . . : ^ 

: '[■.'*'■.• ' Effect on cfonstltuent ' 


Removal of 
total nitrogen 
entering. process, 
percent® 


Organic U . \ V 






*Qo^yentionai treatment processes ' ; 
■primary- • ,-y' •,. 
.Secondary ; ' - \ 


, 10-io% received./'- 
15-259^ remaVBdk> '- 
urea NHj/NhJ ' 


■ ^■ 

no' effect 
<1'0% removed , 


yjio effect 
nil 


5-10 
10-20 


■ ■ . ' ■ ' 
. Advancied wastewater treatment processies 
FiltrationC 

Carbon sorption > . • : 
Electrodia lysis 

. Reverse osmosis 

Chemical coaguiat^Jj^ 


30-96% removed 
30-50%' removtd 
1,00% of ^suspend 
' orgaiiVc N removed 
71 00% of. suspend : 
CHrganlc N remov'ed 
. 56-70% removed 


u 

nil " ■ 
nil 

40% removed 

■ .. ■ 
'85% removed^ 

nil 

» 


nil 
■ nil ■ *■ 
40% removed 

v,lB5% removed 

nil ■ : 


20-40 
10-20. 
. 35-45 

80-90 

20-3.0 , 


■;'^rfd application 
. '-.Iniflation 

. ■ 

* Infiitration/pprcpl^tion " > * 




-V NO3 
•7^. plant N 

■^'^ 


plant N % 


40-90 
\ V 0-50 

— - — ' -i^ 


■ •.;. :i'.v ■ , ° 

Major nltrogein remdval. prbceisses 

.. Nicrtficatiort ' ; .' 

• Denitrtf|««tloh . . ' ■ ■ ■ j . . 'ri; 
':' Breakpolht'J5hl(yiha£lon y ' : ». ' 

■ ■ Selective ion exchange for ammonium 

.. ■ •. *- t . .' : ■■ ■ ; - V i 

Ammonia stripping '. ■ '.:).:' * 


limited effect 
^ no' effect 

• uncertain ! 

)^qme.removali un- 

, certain .• 
ir.iip effect . 


no; : 
no effect 

'90-lOab^ removed 
.90-97% remo\r^^' . 

50-95% remoyeii ■; 


no effect. 

80-9B% remove?!; ' ; 
, hp effect " .' 
ng'eifec^ , ■ 

rnoveffect ■ : ■ . *' 


• : 5-30 ■ 

' 70-9 5 . . 

, '.-ao-^ 5 

■^ 'v ;8d-95 ' 
; ,V5b.-9l^ 


-.. B , 
Other nitrogen removal processes '. 

Selective iofi exchange for nitrate 

Oxidation ponds 

Algae^s tripping ' • 

Bacterial assimilation 

—ir^ ■ '■ ' 


nilV 

p^rUalt^ansformation 
•'t6.NH3/NHj 

partial transformation 

toNHa/NHj '. 
no effie^ct 


. -nil ■; *■ 
partial removal*' 
by stripping . »^ 

cells 
40-70% removed 


' 

7^-i90% removed ' 
^ pairtlal removal by 
. •: nitrification-' '. 
■ ■■■V.dehlfrlflc.atloq .. 

limited- effVcC : 


■ ■70t90 ". V- v" 
^: . 20-90 ' • ' 

' ' ^ ! ■ . ' I - . ' 

•'"■■■■■' .50-80 ■ 

':■ 30-70: • • ' 
^ . 1 ' ■■ 



%filX'<iepeDd.on the fraction of influent nitrogen for whiph the process is effective, which may depend oh othW processes' 



•Vln thi^.t]Cpatl|nent plant. 
*Soltt1&ie brgahic nitroge 

*.*iMay be used to remove particulate orgahlc Qarbon^tii'i)i^B wherei 'ammonia or nitrate are removed by other processes^' V].' .! 



Solabid brgahic nitrogen, in thd form of urea and amino acids, is substantially reduced by secondary treatment. 
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CHAPTERS 



PROCESS CJIEMiWrX^AND BIOCIJpMISTRY OF ^ . ' 

NITRIFiqATION^NDDENlTRIFICATION ^ . * 



3.1 Introduction ■ ^ ■ 

• '"1 ' ' • ; ■ / • ^ . ♦ ■ : ■ " ' 

The puipose of this chapter is ta pre§en*t a. treatment t)roc^-orientQd review^of ^he 
.chemistry^ and biochemistry of nitrification and d^itrificatibn. An ifhderSt&n'ding of this • 
subject is useful for developine Vh apprecia«an of the flctOr^affectinglhe perfdtmance, * 
. design, and t)peration of nitrification andU^nitrification processWsubse<nient chapters deaj 
. with desigh aspects/ctf nitrification (Chafpter jJJ) and denitrification (Chapter 5). Sinee these 
# latter chapters are laid out<to be used without reference to this chapter,^ r^vfew of4he 
theoretical material in this chapter^is not mandatory; \ * * T 

Biolpgical processes fo^||control of nitrfigenous residuals in efflpents can be classified in two 
taroad areas. First, a process designed to produce an. effluent where influent' nitrogen, 
(amrtionia' and » organic nitrogen) is ^substantially converted to nitrate ^nitrogen can* be 
considered. This process, nitrification, is_ carried out by bacterial populations that 
: sequentiaUyoxidize ammonia to nitrate with intermediate formation of nitrite. Nitrificatibn 
will satisfyWfluenf qr receiving ^ater standards where reduction of residual nitrogenous 
oxygen demafjd due to ammonia is ma^j^ated or where ammoriia reduction for other reasons 
is required fof the IreatmeYit system. The second type of process, denitrification, reduces 
nitrate to- nitrogen gas anif'can be used following nitrification when the tcrtal nitrogenous 
content of the.effluent must be reduced. 

■■ ! ■ . • ■ . ■ ' ■ ■ ■ " ' 

3.2 i^Iitrificatipn \ » * 

\' i ■ ■ ' ■ - o. . , ■ . ■ " ' 

The two principal genera of importance in biological nitrification processes are Nitrp-. 
. sorrimas ancj Nitrobacten\Both of these groups are classed as autotrophic organisms. These 
organisms are distinguished from heterotrophic bacteria in that- they derive energy for 
growth from the oxidation of .jihorganic nitrogen compounds, rather than from the 
oxidation of organic matter. AnMier. feature of ^ese organisms is that inorganic carbon 
(carbon dioxide) is used for synthesis rather than organic carbon. Each group is limited to 
•the oxidation of specific species of nitrogen compounds. Nitrosomonas can ^xidize 
ammonia % nitrite, but cannot complete the oxidation to nitrate. On the other hand, . 
^ Nitrobacter is limited to tlie oxidation of nitrite to nitrate. Since complete nitrification is a 
•.sequential reaction, treatment processes must be designed to provide an" environment 
suitable tp^he growth of both groups ^of nitrifying bacteria. ' ' 

' 3.2.1. Biochemical Pathways * . - 

* . * • ' ^■ 

On a biocherfiical level, the nitrification process is morp complex than simply the sequential 
oxidation of ammonia^o nitrite by Nitrosomonas and the Subsequent oxidation ofnitrite to* 

■ 56 ■ ..V, . . :• 
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nitrate Uy Nitrobacter: Various reaction i^itermediates and enzymes are involved. ' More 
important jthan an understanding of these pathways is knowledge of the response of 
nitrification, organisms to environmental conditions. 

3.2.2. Energy and-Synthesis Relationships 

The stoichiometric reaction for oxidation of ammortium to nitrite by Nitrosomonas is:^ 

NH4 + I.SO^ — ^ 2H'^ + H^O + ^ (3-1) 

The loss of free energy by this reaction at physiological concentrations of the reactants has^ 
been estimated by ' various , investigators to be between 58 and 84 kcal per mole of 
j'Smnjonia. ' »2 ' 

The reaction for oxidation of nitrite fo nitrate by Mrro/7acrer is : 



+ 0.5 O2 — NO3 : ^S^^^ (3-2) 

This reaction has been estimated to release between 15.4 to 20.9 kcal per ijiole of nitrite 
under in vivo conditions!^ Thus, Nitrosomonas obtains more energy per mole of nitrogen 
oxidized than Nitrobacter. If it assumed that the cell synthesis per unit of energy produced 
is- equal; there should be> greater mass of Nitrosomonas formed than Nitrobacter per mole of 
nitrogen oxidized. As will be seen, this is in fact the case. 

The overall oxidation of ammonium by both groUps is obtained by adding Equations 3-1 
and 3-2: ^ 

■ NH4 + 2O2. — ^ NO3 + 2H'^' + H^O ■ (3-3) 

y. ' * ■ ■ • . 

As previously mentioned, these reactions furnish the energy required for growth of the 
nitrifying organisms. Assuming that , the empirical formulation of bacterial cells is 
(E5H7NO2, the equations for the growth of Nitrosomonas and Nitrobacter are shoWn in 
Equations 3-4 and 3-5, re^QCtively; 

ISCb^^H- ISNH^^— ^ IONO2 + 3C5H^N02 + 23H'^ + 4H2O (3-4). 
V ' Nitrosomonas * , 



5CO2 + NH4 + lONOj + 2H2O IONO3 + G^H^NO^ + H . (3-5) 

* 7>s Nitrobacter 



Equations 3-1, 3-4Nand 3-5 have terms showing the production of free acid (H"^) and the 
consumption^of ^a^ous/carbon dioxide (CO2). In ^tual fact, these reactions take place in 
aqueous systems m the context of the carbonic add system. These reactions usually take 
place at pH levels less than 8.3. Under this circumstance, the production of acid results in 
immediate reaction with bicarbonate ion (HCO3) with the production of, carbonic acid 
(H2CO3). The consumption of carbon dioxide by the organisms results in some depletion of 
the dissolved form of carbon dioxide, carbonic acid (H2CO3). Table 3-1 presents the 
' ftiodified forms of Equations 3-1 tq 3-5 to reflect the changes in the carbonic acid system. 
As will be later described in Sections 3.2.3 and 3.2.5.6, the. variations occurring in pH 
resulting from changes in the carbonic acid system can significantly affect nitrification 
process performance. ' . 

The equations for energy yielding reactions (Equations 3-1 and 3-2) can be combined with 
thev equations for organism synthesis (Equations 3-4 and 3-5) to form overall synthesis- 
oxidation relations by knowledge of the yield poefficients for the nitrifying orgafaisms. 
Experimental yield \dlues for Nitrospmonas range from 0.04 to 0.13 lb VSS gro\Mn per lb 
ammonia nitrogen oxidized. 1 Experimental yields for Nitrobacter are in the rang^om 0.02 
to 0.07 lb VSS grown per lb of nitrite nitrogen oxidized. I Values based on thermodynamic 
theory are 0:29 and 0.084 for ' Nitrosomoms and Nitrobacter, resp5ctively.2 The 
experimentally baeed yield* may be lower than theoretical values due to the diversion of a 
portion of the free energy released by oxidation to microorganism maintenance fiinctions.2 

Equations for synthesis-oxidation using representative measurements of yields and oxygen 
consumption for MYrosomonas and MVroZ)ac?er are as folIo\ys": 3,4 ^ 



55NH4 + 76 O2 + IO9HCO3 
+ IO4H2CO2 



C^H^NOj + 54NO] + . 57H2O (3-6) 
Nitrosomonas 



4OONO2 + NH4 -I- AR^CO^ -I- HCO3 +■ 195 O2 



+ SHjO + 4OONO3 



Nitrobacter 



Usirig Equations 3-6 and 3-7, the overall synthesis and oxidation reaction is: 



(3-7) 



NH4 -I- L83O2 + I.98HCO3 



0.021C2H^NO2 + I.O4IH2O 



(3-8) 



+ O.98NO2 + 1 .88H2CO3 



3-3 



In these equations, yields for Nitrosomonas and Nitrobacter are 0.15 mg cells/mg NH4-N 
and 0.02 mg cells/mg NO2-N, respectively. On this basis, the removial of twenty- mg/1 of 
ammonia nitrogen would yield only 1.8 mg/1 of nitrifying organisms. This relatively low 
yield has some far reaching implications, as will be seen in Section 3.2.7. Oxyg(^n' 
consumption ratios in the equations iare 3.22 mg 02/mg NH4-N oxidized and 1.11 mg 
Q^/mg NOJ-N oxidized, which is in agreement with measured values."* 

; 3.2.3. Alkalinity and pH Relationships > 

Equation 3-3A. (Table 3-1) shows that alkalinity is destroyed by the oxidation of ammonia 
and carbon dioxide (H2CO3 in the aqueous phase) is produced. Whemsyn thesis is neglfepted, 
it can be calculated that 7.14 mg of alkalinity Is CaCOs is destroyed per mg of ammonia 
nitrogen oxidized. The effect of synthesis is rfflatively small; in Equation 3-8, the ratio is 
7.07 mg of alkalinity per mg of ammonia nitrogen oxidized. Experimentally determined 
ratios are presented in Table 3-2; differences between the experimental and theoretical 
ratios are due either to errors in alkalinity or nitrogen analyses or the inadequacy of theory. 

TABLE 3-r ( 



RELATIONSHIPS FOR OXIDATION AND GROWTH IN NITRIHCATION 
REACTIONS IN RELATIONSHIP TO THE CARBONIC ACID SYSTEM 



Reaction 


Equation 


Equation 
No, 


Oxidation - 
Nitrosomonas 


NH^ +I.5O2+ 2HC0' no' + 2H2CO3 + H^O 


. 3-lA 


Oxidation - 
Nltrobacter 


no" +0.5O2-*- NO3 


.3-2 • 


Oxidation - 
overall 


NH^ +. + 2HC0^ ^HgCOg + H^O 


3-3A 


'Synthesis - ' 
Nitrosomonas 


13NHt+ 23HCO" 8H^C0^ + lONO" + 
4 3 2 3 z 

3C3H2NO2+19H2O 


3-4A 


Synthesis - / 
Nltrobacter. 


NH^ +:10NO^ + 4H2,C02 + HCOg-^ lONO" + 

■ 'V- . . 


.3-5A 


■ ■ Y 


3H-0 + G,H NO- 
2 7 2 

■ ■ •# ' — — ^ 





If 



TABLE 3-2 



ALKALINITY DESTRUCTION RATIOS IN EXPERIMENTAL STUDIES 



System 


" ' a 
tng alkalinity destroyed 

:ing NH4-N oxidized 


Reference 


SiisnGndpd arnwth 

k/ M wIlUCvl VV I«I1 


6 4 


5 


Suspended growth 


■•• 6.0 


6 


Suspended growth * 




7 


Attached growth 




8 ■ 


V Attiached growth 

• •'*.* * 


6.3 tip 7.4 ! 




•^ -Atta-ched growth 







*As '6aCO^; the theoristical value is 7.1 



to* completely explain the phenomenon. A ratio of 7714 mg alkalini^ destroyed per mgof 

^ * . ■ ■ ■ . ' ■ . ■ 't' ' ■ 

ammonia nitrogen oxidized may be used for engineefing calculations:' M 

These changes may have a depressing effe/ct on pH in the nitrificatioli system, as the 
relationship for pH in the system is: 



f 



pH = pKj log 



(H2GO3) 

(HCOg) 



(3-9) 



Since nitrification reduces the HCO3 level and increases the H2CO3 level, it is obvious . that 
the pH would tend to be reduced. The effect is mediated by ^stripping of carbon dioxide 
from the liquid, by the process of aeration arid the pHls (?li^yated upwards. If the carbon 



dioxide is not stripped from the liquid, such asin enc^ 
pH can be depressed as low as 6.0. It has been calcjt 
than 6.0 in an enclosed system, the alkalinity of tf&yi 
than the amount of ammonia nitrified.2 r 



^Mj^^i^s^i^ oxygen systejms, the 
that to maintain the pH greater 
feteWater mus^t be 10 times greater 



Even in open systems where the carbon dioxide is continualiy stripped from the liquid, 
severe pH depression can occur vvhen the alkalinity in the wastewater approaches die- 
pletibn by- the acid produced in the nitrification process. For example, if in a wastewater 
20 mg/I of ammonia nitrogen js nitrified,* 143 mg/1 of alkalinity as CaC03 will be destroyed. 
In many wastewaters there is insufficient alkalinity initially present to leaye' a sufficient 
residual for buffering the wastewater during the nitrification process. The significance of pri 
depression in the process is that nitHfidktion rates are rapidly depressed as the pH is reduced 



below 7.0 (see Section 3. 2.5. 6). Procedures for calculating the operating^ pH in aeration 
systems are presented in Section 4.9. 

3. 2.4 Oxygen Requirements , 

The theoretical oxygen requirement for nitrificatidn, neglecting synthesis^ is 4.57 mg 02/iTig 
NH4-N (Equation 3-3). Synthesis has an effect on oxygen requirements; the oxygen 
requirement is calculated to be, from Equation 3-8, 4,19 mg 02/mg NH4-N. An oxygen 
requirement sufficiently accurate to be used in engineering calculations for aeration 
requirements is 4.6 mg 02/mg NH^-N. 

The oxygen demand Tor nitrification is significant; for instance if 30 mg/1 of"ammonia 
nitrogen is oxidized by the nitrificatipn system, about 138 mg/1 of oxygen will be required. 
Caution: in virtually all practical nitrification systems, oxygen demanding materials other 
than ammonia are present in the wastewater, raising the total oxygen requirements of 
nitrification systems even higlier (see Section 4.8). 

3.2.5 Kinetics of Nitrification v. • 

A complete review of the kinetics of biological systems is beyond the scope of the manual; 
;;hoyeyeri several excellent reviews are available. 2 Rather, the basics of 'biological 

-jijtfpi^^^ drawn upon to usefully portray a mathematical descripition of the oxidation of 
^'irittripnia and nitrite! In the succeeding portions of this section, the impact of a variety of 

environmental factors on the rates of growth and nitrification are considered. A combined ^ 

kinetic- expression is then formicated which account$;,'t^^^ 

concentration, temperature, pH and dissolved oxygen concei;ttriatioj:\.^^; '' ■ r-'—iriJi- ^ 

At several points, reference is made to data developed from various types of nitrification * 
processes. Comprehensive descriptions of the various nitrification processes are presented in> 
Chapter 4 and will not be reproduced herein. One distinction that needs to 'l^e clearly* 
understood in discussions in. this chapfer is the difference between combined^ Catboft'/ 
oxidationrnitrification processes and separate stage nitrification, processes. The" combined . 
carbon oxidation-nitrification processes oxidize a high proportion of influent ■or^nicjf ; 
(BOP) relative to the ammonic^nitro'gen content. This causes relatively lompopul^tibils of^ 
nitrifiers to Be present in t;he biomass. Separate stage nitrification systems, on the pth'er 
hand; have a relatively low BODf load relative to the influent ammonia loa'd. As la result, 
Ijigher proportions of nitrifiers are obtained. jSeparate stage nitrification can be provided in 
municipal treatment applications when a high level of organic carbon' remoyaris^prpyided 
prior to the nitrification stage. This level- of treatment is generally greater than. provided by 
primary treatment. Other differences between these classes of processes can bfe dtawn, but. 
these are left for detailed discussion in Section 4.2. V 

3.2.5.1 Effect of Ammonia Concentration on Kinetics ' * 

.1 ' ' ■ / •' ^ . ' 

•■' * " * ■ «. 

A description of ammonia and nitrite oxidation can be derived from an e^aminatipn of the. • 



growth kinetics of Nitrosomonas and Nitrobacter, Nitrosomonas* growth is, limited by the 

- concentr^on of ammonia nitrogen, while Nitrobacter's growth is limited by the. 
concentration of nitrite. j 

. ■ . •• ■ • ^ • • 

• The kinetic equation proposed by Monod ^3 is used to describe tjie kinetics ^of biological ; 

ffo^^th of eithtrNitrosomonas orNitrobacter: ^ . • 

• ; • ■■ . ' • , -.^ "■ ; * ' . ■' ' , • ■ . 

. M = M — ^ ' ' (3-10) , 

^ K H S- ■' ■ 

S' ■ , ^ • . ■ ■ • ■ 

where: ix - ' growth rate of microorganisms^ day \ 

A.- : • -1 /; ■ ■ • 

H , = ^ m'aximum growth rate of microorganisms, day , * 

= half velocity constant = substrate concentration, rng/1, 
at half the maximum growth rate and ^ ' 

S = growth limiting substrate iioncentratipn, mg/1. 

^i^Sincq ihe maximum growth^rate of Nitrobacter is considerably larger than the maximum 
, igrowth rate of Nitrosomonas, and since Ks values for both organisms are less than 1 mg/l-'N 
, at ' temperatures^lb^ .20; C, nitrite V^^ riot accumulate in large amounts in biological 
^ . treatment systems under stead^.'state Conditions. For this reason, the rate of nitrifier growth 

- can* he ^modeled with Equation; 3- Ip^us^ the rate limiting step, ammonia conversion to^ 
V® nitiite^.H^or case wliere nitrite^-^atcumulation does, occur, qtber afpproaches are 
/ ' availi^Jp4,lS;16' ■• \ . ■ 



'[ ■ i^M^S ^Relationship of Growth; Ra]^^^ Qxidation Rate 
'^^^^Q-z^^ be related to th^^ fate, aS_follows: 

"K— ■^^■^•^.^ 

-V : ' : : --jyu^.^v^^^ Nitros^rnonqs growth rate, dzy i ' ; 

•i- ^ ■•^'^-•^^^ = V pesa^^ oxidation rate, lb Nlit - N 

■ ■ ■ ^Kr ;<airim^ lb NH^ - N oxidized/lb VSS/day ' 

■■ ■ , . i.v^y:- ^g^i?:;-;:;. : '. 
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In Equations 3-10 and 3-11, only 'the effect of ammonia concentration is. consiciered; in I^ter 
^bns, the effects of temperature, pH, and dissolved oxygen are cbnsidered. 



3.2.5.3. Relationship of iSrowth Rate to SoKds Retention Time 



The growth rate of organisms can be related to the design of 'activated sludge systems by 

noting the inverse relationship betv^een solids retention time and growtlTrate of nitrifiers: 

• ■ • . 

, ■ ' ^ = _L.: • ^ ■ . (3-123 

C . M , . ' " ^ ■ ' 

where: 6^ = solids retentjgin time, days. - • -.p^ 

: \ ■ ■ . ' • ■ " - 

The solids retention time can.be c^tculated'from system operating data by dividing the 
inventory of microbiabmass in the treatment system by the quantity of biological mass 
wasted daily. Equations applicable for this calculation are presented in Section 4.3.3. 

3.2.5.4. ICinetic Rate Constants for Temperature and Nitrogien Concentration 

The most.widely accepted kinetic constants for the nitrifers are those-presented by Downing 
and cowbrkers.l^'l^ Their results are presented in Figures 3-^1. -and' 3-2, As can be3een, '|^th 
the maximum growth rate, /i, and thfe half saturation constants, Ks for Nitrqsomonas and 
Nitrobacter are markedly affected by temperature. Further, the mvimum growth rate for 
Nitrosomonas in activated sludge was found to be considerably le^ss than for Nitrosomonas 
in pure culture...'* '.'v / 

•Kinetic constants found by other investigators are summarized in Tables 3-j3 and 3-4. The' 
observations of maximum growth rates of . /V//ro5omora^^ Gujer^^nd ; Jenkainsf , 
Wuhrmann'^^ Loehij^rr a/. 22, Podusica. and Andrews ^^.^ and Lawrence and iBrovvn^^:, are 
closer to the piire culture values of MVro^^mo/ifl^ rather than the activated slu(dee, vilues in 
Figure 3- 1 . This suggests that some additional paraipeter ^uch as dissolved oxygeh (DO) may 
have been limiting Downing'is activated sludge , measurements.^ The influence of DO is 
discussed in the next section. For illustrative uise irt'this rhanual the pure culture^ values of 
Downing, et a/.^for Nitrosomonas are used for considering the effect oC tempefature and 
amVnonia on growth and nitrification rates. The expressions for the half saturation constant 
for oxidation of artimonia-nitrogen, Kn, is: 

v - ,nO--051T - 1.158 
. .. = 10 . • mg/l,as^ (3-13) 

■ ■ ' . ■ ' f'^.: 

T • = temperature, C. • 
The ejcpression for the effect of temperature on the maximum growth rate of Nitrosomonas 

-^^ = 0.41^f'^-^'U.y-' (3-14) 

■.. '/' ' S3 ■■■■■■ 
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TEMPERATURE DEPENDENCE OF THE MAXIMUM 
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TEMPERATURE DEPENDENCE OF THE HALF SATURATION 
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TABLE-3-3 



' MAXIMUM GROWTH RATES FOR NITltlFIERS 
IN VARIOUS ENVIRONMENTS 



Organism 






. /ij^,day-l at stated temperature, C 




Ref. 


Environment 


8 


12 




16. 


'.20 


21 


23 


• 25, 


Nltrosomonas 
Nltrobacter ♦ 


0.25 


0..40 
0.34- 


0.21, 


0.57 


0.71 
0.4fi 

\ 

0.5 


0.85 
0.65 

\ 

0.34 


'0.37 

1 .08. 


0.17 
0.55 


19 

20 

21 
..22 
fS.ll 

23 
. 15 

24 
11,23 

15 


Activated sludge, wasi^iAjut 
Activated sludge, math model 
Activated sludge 
Activated sludge 
Activated sludge 
Activated sludge ■. 
Synthetic river water" 

Activated sludge^ 
Activated sludge: 
Synthetic river .water ^ 
Activated sludge 



Half-saturation cdNSTANTs fOr 

. -NITRIFIERS IN .VARIOUS ENVIRONMENTS 



V • 

Organism 


■ Ks, mg/l-N at stated temiperatiare, C 


















Environment. 


. V • 


15 




25 


28 


30 


32' 




f 


Nltrosomonas * 


' 2.8 




0.37 . 








20 


Actjv&ted;5ltidge 






3.4 








il.23' 


Synthetic river water 












10 




1,25 


Lab culture 




, 0.5 to. 1.0 


O.'S to. 1,.0, 








. 2 


Warburg analyses 






'1.0 . 


: 3.5 








1,26 


LabJculture 














1 , 27 


Lab culture and activated 


■/ 
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Somewhat differing temperature ;;^f^^ have been -found for attached growth systems.. 
Huang and Hopson's summary, with some modification is shown in Figure ^3-3 for attached 
growth systems.34 Downing and coworkers' relationship forM/A-o^owoAza^T^Equation 3-14) 
is also 'shown for comparison purposes, Comparing the su^pefided gro\yth and attached 
^nitrification data, one can conclude that attached growth systems have an advantage in 
withstanding low - temperatures C<15 C) without as severe losses in nitrification rates. 
However, measurement of nitrification rates for suspended growth system's are not nonjially 
made on the same basis as attached growth systems. In suspended growth^jsystems, rates are 
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•Sr ... ' 




expressed on a^per .unit o.f ^biomass basis (MLVSS is us^,d): rr^as^ of bioiriass 



is nonnally;riot possible iri atf ached growth' sy.stems so. O^r' parameters are Used such as 
reactiorf r$te" per ynit . surface; br. vc^lume. iTherefo^ attached, growth^- sy sterns can 
compensate for colder tenjpeFatur? cdniditions^ by . the ^effeq.tiy^ 
thicker. Thrt^i^^^ expressed on a-unit-biomass b^k types, 

.reaction 



on r^varjatW with temperature might be, more similar . • ; 



It could;'^be..^giK^ low. temperature in suspended grp>yt}ijsysterits 

cbuld prb^i^^ an increase ip mixed liquor levels muclia^s an- increase in slime growth 
fodpup OT systems. However,^ suspendej^bwth systejns are^i^ by 

reactor^sediflle^tifcn^^l^^^^ interactions' which at'cold tempera|jures might prohibit this due 
to reduction of thickening rates of the sludge (cf. Se^^^^^ 

Other differences in reaQtioh:rates s^^^ 3-3 may arise from ihe fact that some' 

determinations were on : sea0fatiB^;s^^ systems while others were made on 

combined carbon oxidatic^^l^trification prbc C / : . ^ 



FIGURE 3-3 
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COMPARISON OF EFFECT OF TEMPERATURE ON NITRIFICATION IN 
SUSPENDED GROWTH AND ATTACHED GROWTH SYSTEMS (REFERENCE 34) 
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3 . 2. 5 . 5 Effed of Dissolve<i;b?tJ(gen 6^^ 

The concen tration of dissolved oxygen (DO) has ^ Significant eiFfeci on 'the rates of nitrifier 
^ growth and nitrifieatidn iri biplbacal. waste' tre^atft^ 

!-.been useii to model the effect of dissolved oxi?genAconsjdering^ be a gfbwth 

limiting substrate, as. (olio ' ■'-■'^■ r' '-y /. ' '^ ^ 

where: = DO = dissolved^oxygen, mg/ITand":' . . -° 

.; Kq = half-saturation constant for ox'y'gen, mg/l. ^ " 

, .2 ^ ■ . ■ ■ ■ ^ ■, ^; . ■■■■^ . ■.:,-..}■ , ■ . 

British investigators found that the K02 value was about 1,3 mg/l at, an - unspecified 
temperature .35 . One U.S. investigator has suggested a relationship^^ t^^^^ 
half-saturation constants of 0.15 ipg/1 at 15 G and 0.42.mg/l at 25 c; bUf did not proVide 
supporting- data. 14 Studies conducted by the Los Angeles,(County Sanitation Disfricis a't its 
Pomona \yater Renovation Plant represent one of the most careful attemptsVta^^^^^^^^^^ 
effect of DO on nitrification rate;36 Thi3 facility is i'a cpinbined /c^^^^^ 
nitrification plant. Sludge samples, were withdrawn, dosed vwtjfi ammoni^a, and a^^ 
various DO levels. Nitrification rates determined from the data collected ,afe showii^^^:U^ 
3-4.36 Fitted to this data is a Monod expression for nitrification rate" as a func 
The K02 determined fronr this data is -2.0,- mg/l. Temperature was/jiot 'specified-^but 
, indicated to be above 20 C. V? ■ , : 

Several investigations have provided indirect Evidence of the impprtanceof theeffeijt of DO 
on nitrification rate. A treatment plant 'operated cpntinuously at a DO near J ip^ 
lower . degrees of nitrification thaii plants held at 4 and y 'm^l.37 When small scale activated . 
sludge plants were held at 1, 2, 4, and 8 mg/l. British investigators; found that the 'm^^^ 
catipn rates at 2.0 mg/l were about 10 percent lower than at higher Jevels of DO, although 
nitrification .was complete.35 Kibt investigations at the Metro Sewer District pf Ciricijinati,' 
Ohio; showed that when the DO was held at 2 mg/l.^y about 40 percent nitrtflcakdn^^^^ 
occurred, buj when the DO was increased to 4 mg/l, about 80 percent nitrification tobkV' 
place.38 Murphy foun^ that in two, parallel activated sludge plants, that hitrificatibn was: 
enhanced in the plant maintaining the DO at 8 mg/l crompared to the plant where the DO 
was maintained . at 1 mg/1.39 

The influence of DO on nitrification rates has been somewhat controversial, as examples of 
plants can be found'with completely nitrified effluents with operating DO levels of 0^5 
mg/l. HPwever, this type of evidence does npt indicate that nitrification rate was unaffected, 
merely that nitrification could be completed in the presence of a low DO level. Low 
nitrifiic^tion rates, depressed by,low DO levels, Ijan still be sufficient to qause complete 
nitrification if the aeration tank detention time is large enough. 

■ '3-12 ■ . .• ■ 
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.While the general effect of DO oh kinetics is firnily established; there 
. study to^determine the factors affe^cting the values 0MC02- of the v^irious estimates ate 
from $ysliems where Gombincd;Gai*l^6n oxidatioh-nitrifi^^ graeticed and nomea^yre- 
mepts haye .been rtad^ M separate stgge iiitrificatjoii K02 values for separate stage 

nrtrification systems- rmay very well be diff^r^nt than those for combined carbon 
oxidation hitrificatibn s^^^^ refineiiri^iit of K02 Valu^ cail be expected. For/ 

illustrative use in^his mahual, a value of I^2^f "^s/J-ha^ been assumed. Thjs vSlue falls • 
in the middle 'of the range of K02 obseryadons (0.15 to 2.0 mig/1) and is of a magnitude 
such that if the operating DO js 2!0 mg/1 or^jtess, the nitrification (or hitrifter>'growth fa^e is ' 
V60-6 pfercent Xor Tliis order 0f reductiGn in. rate could account for 

Vfliost'of the differesn^^^^ et al ^seejSectioni 3.2.5:4) 

between river 



pf 2.0 mg/1 of lesis.: ; • ; ^ - }^ / ; 

3.2.5. 6'Effect;of pH, on Kineitics 



/The hydrogen^ ion Concentration (pH) has. been generally foy^a;to 

the rate of nitrification. Figure 3-5 pjesents typical^ p Hyj^^ a?numjber of - 

: :^..^„4ii.«4.:^^o tu^ -^sult^. 'of : other jij^y^stigations lUAraJ' 

le fihdirig is 



;,; investigations. Tlie result^ 
/ tiire:^ '^^ There is a wide 




th'f pliH: moves to tb6 apifl. -x^p^^^^ ,\\\t crite^bf 'amnlo^ Meclines.^TFhis 
failnd to i)^ true for jbojH^unVcdi accliifnation -^nds 



to m oderate-.*pri effects, Tfi^ for an attached growth" reacts 5, Figure 7-1) 

are* very similar 'to'the fih(lings for an, activated sludge . (Curve C). In neither case were the 
. cultures acclimated to biich pH value prior to yeterniinifig nitrification rates. When a 
three-week acclimation period was provided for tile attache(^ gtowth reactor, it. was found 
that the.rate i^t: pH 6.6 rose4o-85 percent of the optimum rate at pH 8.4 to 9.0.34 ^ 

Various investigators have reported the effects of pH depression on nitrification/ For 
instance, in an activated sludge with insufficient wastewater alkalinity, p}^ values 6f 5 to 5.5 
were attained. This high acid concentration resulted in a cessation of nitrification; at the 
s^me time sludge bulking occurred, the point.at" which the rate of nitrification decreased* 

^•Was pH 6.3-i6.7.1p^raneJ. investigations on air and high purity oxygen-activated sliilSge 
systems at the Blue Plains Treatment Plant, Washington,^ D.C., have shown that depressed 

{ pH values in the last oxygen activated sludge stage produced slightly lower nitrification rates 
than when the system was operated at higher pH.45 Further information on the EPA 

. investigations.at the Blue Plain-s Treatment Plant is presente.d later in Section 4.6.5. 

In a study of the ^effect of abrupt changes in pH, ft Was found that an abrupt change in 
reactor pH from 7.2 to 6.4:Caused no adverse effects. However, when the pH was abruptly 
changed from. 7.2 to 5.8, nitrification performance deteriorated markedly as effluent 

• ammonia levels rose from approximately zero to 1 1 mg/1 NH4-N. A return to pH 7.2 caused 
rapid improvement indicating that the lowered pH was ^only inhibitory and npf toxic. 

' Haug and McCarty showed that nitrificrs could adapt to nitrify i\t pH levels as low as 5.5 to 
6.0.^ However, since Uie concentration of biomas's in their column was not defined at each 

. pH level no conclusions can be drawn from their work as to the effect of pH on the peak 
ammonia oxidajlon rate, q|Nj. 

. * ' fi 

For illustrative use in th^s manual, the equation of Downing, et alA3\ showing the effect of 
pH on nitrification is adopted. For pH values < 7.2: * 

" (1^- 0.833(7" 2- pH)) ^ ^ (3-16) 

■ ^ ... ■ ' 

For pH levels between 7.2 and 8.0. the rat^e is assumed -constant. This expression was; 
developed for combined carbon oxidation-nitrification systems, but its application to 
separate stage nitrification systems is probably conservative. ^ . 

Because of the'effect of ;pH on nitrification rate, it . is especially, important that there be 
sufficient alkalinity in the. wast^ater to balance the acid produced by nitrification. 
Equation 3-3A (Table 3-1) indicates tliat 7.14 mg of alkalinity are destroyed, per mg of 
ammonia nitrogen. Caustic or lime addition may be required to supplement moderately 
alkaline wastewaters.1 Dl^sign considerations for pH control are presented in Section 4.9. 

3.2.5.7 Conibined Kinetic Expressions 

.t - ' . ' . ' *'.■'.". 

•In previous sections, the efft^^ct of ammpnia level, temperature, pH and dissolved oxygen on 

nitrification rate has been presented. . In all practical systems, these parameters act to affect 
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•'FIGURE 3-5 
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EFFECT OF pH ON NITRIFICATION RATE 
(AFTER SAWYE j, ET AL.) ^ 
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.. .the nitrification rate simultaneously. It has been shown that tnfe combined effect of severalS 
iimitirig factors on biological growth can be introduced as a product of Monpd-type 
• — =.46 , • 



factors: 



N 



^N = >.N 



Kp + P 



. (3-17) 



where: 



L 
N 
P 



Kj^, Kj;^, andKp 



concentration of growth limiting substance L, ' * 
concentration of^owth limiting substance N, , 
concentration of growth limiting substance P, and 
half-saturation constants for substances L, N, and P, respectively. 
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This cortcept has also, been applied to 'the analysis of algal growth kinetic data^^ and to 
denitrification kinetics. 48 .; 

Taking this approach for nitrification, the combined kinetic expression fornitrifier growth 
would take the form: , ' ' 



N 



DQ \ (1 - 0.833(7.2 - pH)) (3-18) 



where: ix^ = maxi^iaum nitrifier growth r^ 



Downing, et a/. 4? used this proced^ure to describe nitrifier growth rates, excepting that no 
term for DO was include^d. Usingspecific. values for temperature, pH, ammonia and oxygen, 
adopted in this manyal in Sections 3'2.5.4, 3.2,5.5., and 3,2.5.6^ the following expression 
results for pH < 7.2 iox Nitrosomonas valjd for temperatures between 8 and 30 C: . >' 

0.698(T-15) 



N 



= 0:47 



1 - 0.833(7.2 -pH) 



•N 



N + 10 



,0.05 IT- 1.158 



DO 



DO + 1.3 



day 



-1 



(3-19)* 



The first term in^rackets accommodates thp effect of temperature. The second ferm in 
brackets considers the effect of pH. For pH > 7.2, the second quantity in brackets is taken 
to be unity. The third term in . brackets is the Mohod expression, for the effect^of (Immonja 
nitrogen concentfation. Sinf^larly, thcfourth term in brackets accounts for thefeffect of DO 
on-jjitrification rate. Equation 3-19 has been adopted for illustrative use in' this manual. As 
more reliable data becomes available, Equation 3-19 cag be modified to ^uJt particular. 



circumstances. if 



An example evaluation of Equation 3-19 at T = 20 C, pH = 7.0", N = 2.5 mg/J, and- ERD equal 
to 2.0 mg/1 is as follows: 



. . '^N " 0-47 .[1.63] [.833] [0.775] ' [0.^6] = 0.300. day 

The ammoim removaHratc is defin^ as done previously (Equation 3/1 1)-: 



' -1 



ERIC 



H*\K^4}t N 




DO 



■\ (i - 0.833(7.2 - pH)) (3-20) 
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where:. = ^T" . . • 

In the numerical example above, with a yield coefficient of 0.15 lb VSS perjb NH4-N 
removed, the nitrification rate is 2 lb NHJ-N oxidized per lb VSS per day. This rate is 
expressed per unit of nitrifiers, assuming that there are no other types of bacteria in the 
population. Nitrification rates of a comparable magnitude have been found experimentally 
by a number of, investigators for laboratory enrichment cultures of nitrifiers.2,23, 28 As "will 
be seen in Section 3.2.7, nitrification rates in mixed cultures- are much lower^ 

3,2.6 Population Dynamics " » ^ 

In^previous sections, the kinetics of the growth of nitrifiers have been presented. In all 
practical applications in wastewater treatment, nitrifier ' growth takes place in waste 
treatment processes where other types of biological growth occurs. In no case are there 
opportunities for pure cultures fo develop. This fact has sigijificantimplications irr process 
design for nitrification. 

In both combined carbon oxidaiidn-hitrification systems and in separate stage nitrification 
systems, there is sufficient or]ganic matter ini the wastewater to enable the growth of 
• heterotrophic bacteria. In this situation, the yield oY heterotmphic bacteria growth is greater 
than the yield of the autotrophic nitrifying bacteicia. Because of this dominance of the culture, 
there is the danger that the growth rate of the heterotrophic organisms will be established at 
a value exceeding the maximum possible growth rate of the nitrifying organisms. When this 
occurs, the^slower growing nitrifiers will gradually diminish in proportion to the total 
population and be washed out of the system. 

thus, for^risistent nitrification to occur, the following design condition must be satisfied, 
assuming pH arid DO do not limit nitrifier growth: _ . 

^N>''b A(3-22) 

where: ' = maximum growth rate of the nitrifying population, 

= growth rate of the heterotrophic population. 

Reduced DO or pH can act to depress the peak nitrifier growth rate and cause a washout 
♦..condition. An expression for this possible reduced rate of growth is: 

, V = S / DO - \ ^1 -0.833(7.2 -pH)) (3-23) 
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where: , Juj^. = ma^j^i^um. possible nitrifier growth fate under environmental 
cotiSitionsofT.pH.DO.andN^Kvj. . 

As before, the ..last expression in brackets is taken to be unity above a pH of 7.2. The 
relationship between actual nitrifier growth rate and maximum possible nitrifier growth rate 
can easily be seen from Equations 3-8 and 3-23: 

A more rigorous condition for 'prevention of nitrifier washout^than Eq^uation' 3-22 is: 

■ . MN^Mb (3-25) 



More typically, Equation 3-25 is expressed in reciprocal form in terms of solids retention 
time as: ' ' ^ 

6^ . " . ' (3-26) 



where: 6^ - ' solids retention time of design, days, and 



c 



0^ = minimum solids retention time, days, for nitrification at given pH, 



c 



temperature and DO. 



Since Jl or^^is fixed by the environrriental conditions (T, pH and DO), Equations 3-25 or^ 

3-26 is satisfied by modifying orG^. The various ways of safisfying these relationships cijn 

be established by examining the following growth relafionship for the heterotrophic 
population:'^'' ^''2 

Mk = -4- = q, - K , , (3-27) 
'^b gd b^b d . 

' ' ■ c . 

where: Y^^ = heterotropWc yield coefficient, lb VSS grown per lb of substrate 
^ . (B©D |r:COD) removed, and 

^atlof^utDs'trate^emoval, lb BOOffir COD) removed/lb VSS/day, 

>' #A K, = "deday" copfficient, day , and • 



li, > net growth rate for heterotrophic population. 

0 
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the rate of substrate removal is defined as: 



= ^0 ^\ . ' (3-28) 

HT 



where: : Sq ^ influent total BOD (or COD), mg/1, 

Sj = effluent soluble BOD (or COD), mg/1, 

^ HT = hydraulic detention time, days, and ^ 

Xj = MLVSS, mg/1. / 

Since both Yb arid Kd are assumed to be constant, the only way or 9^ can be 
manipulated is by altering q\y. One w^y the substrate removal rate .can be reduced is 
to place an organic carbon removal st6p ajiead of the nitrification stage, creating a "separate 
stage" nitrification process. The result of this procedure is to reduce the food, available to 
. the heterotrophic bacteria and to lessen their dominance in controlling the soUds retention 
^ time. Separate nitrification stages can have very long solids retention times ( 0^ = 15 to 25 
days). Another procedure for reducing the substrate removal rate, without separating the 
carbon oxidation and nitrification processes, is to increase the biological solids in the 
system. This, can be done by increaSng the concentration of biological solids under aeration 
(the MLVSS in the activated sludge system) or by increasing the volume of the oxidation 
tank while m.aintainmg the concentration of biological solids at the same concentration. 

The level set for biological solids retention time, 0 ^ v establishes the biological solids 
retention time (or growth rate) of the nitrifiers, since selective wasting of the heterotrophic 
population is not practical. Therefore, the' design solids retention time can be related to the 
effluent ammonia level through the Monod relationship and the inverse relationship between 
nitrifier growth rate and solids retention -time (Equations 3-12 and 3-24). With specific 
values of 6 c , T, pH and DO, Equations 3-12 and 3-24 can be solved for the effiuent 

' ammonia level. Figure 3-6 was developed by such a procedure, with the assumption of T 7= 
15'C, DO = 2 mg/1, and pH >7.2 < 8. Also plotted is the nitrification efficiency, assuming 
an influent Total Kjeldahl Nitrogen (TKN) concentration of 25 mg/1 and that all of the 
influent ^nitrogen is available for nitrification. As can be seen; significant breakthrough of 

. ammonia from the system does not occur unless the solids retention time is reduced below 5. 
^ 'days. At Miat point, ammonia nitrogen breakthrough is very abrupt, rising from 1 mg/1 at^ 
.0 ^ ='4.9 days to U mg/1 at 0 c == 3,6 days. The principal cause of the sharpness of the^ 
ammonia breakthrough is due to the low value of Kn (0.40 .mg/1 NH^ - N in this case^^A 
number of investigators have experimentally determined very similar relationships to tfiat 
shown in Figure 3-6. '^''^^''^^ « 




Lawi^nde and McCarty ^l have introduced the concept of a safety factor (SI^ ii* the 
application of biological treatment process kinetics to design.' The safety fat*;tor v/p dkUrkd 



"as the ratio of *the design solids retention time to the minimum solids retention time; the 
safety factor can also be related to the nitrifier growth rates through Equation S- 12. The 
expression for the SF is: » - 



0^ 



SF = 



6 



m 



(3-29) 



. A epnseiyative safety factor was recornmehded to minimize ^process variations caused by pH 
. . extremes, Jo w' DO c6n«entrati(:^s>n.d toxicants. ' ' Also, the SF can be used to ensure that 

ammonia brealc through does not; occur during diunial peaks in load (see S 

. ;^ V •■ . :\: ' • , ' • • 

/ Interestingly, Equatiort 3-^4 S^h -b^*!^ tOiShow'that the specificatio SF of 2 .; -\ 

• \yill estaMsh an ammon^ efnuent of a conip activated ; . ^ 

sludge plant, tf there is high b0^1pvel (D0 not Umitihg). f his is bec^^ be ' \ 

operating at ohe^hal'f its maxinium^6.)vth ra^e^^^R 

in this Monod expression's defmed as the.'l^ Whibh wilic , 
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J6w at hipH&axinium rak Many nitrifying activated sludge plants have been observed 
to have^ iJKj^ti/i in their effluents, values close to the theoretical value of 

Crit^nwbmtablishing the*safe are presented -in Chapter 4. Furthermore, specif ic 

exaiij'pj^ic?f ^ of the"' kinetic expressions developed in this section are presented in 

Seo^^|-3^i-and4J'J. , i v' : . ■ 

||S-]T'%"fication Rates in Activated Sludge 

Th^fec d^ign approa'ch for separate stage nitrification systems (activated sludge type| has 
^e^^, a different basis tfian for combined carbon oxidation-nitrifiGation systems. Rdther 
' tB^^bse - the. sludge growt^i^rate or solids retention time approach described in Section 3.'2.6, 
£fcl:^ttice!^frequently h^s beAn to base reactor sizing for separate stage systems on the b^sis 
=«6|jpSfic5ftionjat^^|^rrts oflbNH|.N oxidized/lb MLySS/day.5.42,49 However, it will 
|be s^j^ri^.tjl^^^ fundamentally related to the nitrificat'on kinetics previously 

thj^„hapter. ■• ' • * 

rate can be calculated from the ammonia oxidation rate, q^, by 
he nitrifiers are only a fraction of the total mass of biological solids in a 
tem; The- other biological solids in the system result from the growth of the 
opulatioji. On this basis, the nitrification rate, rjq, is as follows: 




= q 



f . 



(3-30) 



f = c nUrifier fraction of the mixed liquor solids, and 

<=, 'nitrification rate, lb NH^ ^ N oxidized/lb MLYSS/d^y. 

; A similar expression^fof the peak nitrification rates (in activated sludge) is: 



A A 



(3-31) 



where: iVx , ^ peak nitrification rate, lb NH . - N oxidized/lb MLVSS/day . 



This latter rate is normally determined experimentally in activated sludge systems, as ^yill be 
described in Section 4.6.3. 

Specific analytical techniques for determination of the nitrifier fraction have not as yet been 
. developed.. However, f can be estimated from knowledge of the biological yields of the 
. ' •autotrophic and heterotrophic populations, as follows: ^ ' . . 



where: Mj^ = nitrifiers grpwn throu^ oxidation of ammonia, and 
; ^ M-^ = heterdtrpphs grown through oxidation of organic carbon; 

Mt^t and M can be estimated as follows: . 
N . ■ c„ • 



(3-33) 



where: ~ TKN in the influent, mg/l, and 

N| = NH^ - N in the efn.uent, mg/l. 



(3-34) 



where: 



carbon (BOD^ or COD) in the influent, nig/l 
carbon (BOD^ or COD) in the effluent, mg/l, and 

net yield of VSS of heterotrophs per unit of carbon (BOD- or 
CODX removed. ^ 



This procedure neglects the ammonia assimilated by heterotrophic growth and therefore is 
approximate. A further approxirnation is that the net yield of the heterotrophs has beeri ' 
a.s.sumed constant, whereas it is known that it varies with solids retention time. 

Several examples can be drawn for separate stage nitrification, systems as compared to 
combined carbon oxidation-nitrification systems. In a -separate stage "system, '1l![ustrative 
values of BOD5 removed and TKf^I oxitjized would 'be 50 mg/l and 25 mg/-l,.respecti'itely. A 
reasonable estimate foir Yn is 0.15 «lb/lb NH4-N' rem. (Section 3.2.2) and for Yb (^Dj, 
0.55 lb/lb BOD5 removed. Thu%, for 'this separate stage example,''f can be calculated to be^ 



f = 



0.15(25) 



0.55(50 + 0.15(25) 



= 0.12 



A similar example can be drawn for' combined carbon oxidation-nitrification, systems. 
Assuming 200 mg/l of BOD'5 removed and 25 mg/'l of TKN oxidized, f can be calculated to 
be: ' *- . • 



f = 



0.15(25) 



0.55(200) + 0.15(25) 
.' 3-22 77 



= 0.033 



Thus, it can be seen thaV the fraction of nitfifi^^^^ is ;iQwer in combined carbon 
oxidatioh-nitrirication systems that in separate stage nitrifitation^^^ 

Equation 3-3 2 'can be reex pressed in terms of the BOD5/TKN ratio in the influent,: by 
assuming effluent BOD and atnmonia are negligibly small: ' ■ 

' ' f = J ' ; . (3-35)- 

Table 3-5 presents numerical values for the fractfon of nitrifiers, using Equation 3-35, and ia; 
condition where Y^ -~ 0. 15 and Yb (BOD5) = 0.55. For most separate stage nitrification 
systems, the BOD5/TKN ratio is greater than 1.0 and less than 3.0 (Section 4-2). Thus even 
in separate stage systems, th^ fraction of*nitririers is relatively low. For the assumed yield 
values, the fractioti is less than 20 percent and greater than .8^ percent. It must be emphasized 
that the values of nitrifier fraction given in Table 3-5 are estimates only, and not supported- 
by actual measurements of nitrifier fractions. Table f-5 does have valile in th3t it shows, at. 
least qualitatively, the impact of influent BOD5/TKN ratio on the fraction pf-nitrifiers in a 
nitrification system. The influence of this ratio on 'nitrifier fraction and nitrification rates 
W9S recognized as early as .1940, when Sawyer showed thai the BOD5/NH3 ratio correlated 
with the nitrifying ability of various activated sludges.5 ^ 

The, effect of ammonia concentration on the nitrification rate is portrayed . in Figure 3-7. 
The assumptions made, were: f = 0.1, pH > 7.2 <8, and the DO" = 2,0 mg/1. Equations 3-20, 
3-21, and 3-27 were employed to construct the figure., As can be seen, the nitrification rates 

^■■y . ' • TABLE3-5'~ .■■ ■ 



RELAlt0NSHiP BETWEEN NITRIFIER FRACTION 
AND THE BO^^/TKN RATIO 



J- 

BOD^/TKN ratio 


. ' Nitrifier 
. . ■ fraction 


. BOD /TKN ratio 


Ni'trifier 
^ fraction 


a.s 


. ■ . 0.35 




: 0.054 


1 ■ • 


■ . • '^•21 


6. .'^ ■■ 


■. 0.043 . 


2 


0.12 


■ ' 7 


• .0.037 


■ ■■.'.3 ■ 


0.083 




. 0.G33 : 


A 


0.064 


9 


. 0.029 






■. > . . 





^ Using Equation 3-35 and Yj^= 0.15, Y. = 0.55, 




are relatively unaffected by aijimonia concent^ M^b ove 2^4vnig/l ammonia N. As the 
^ nitrification fates approach their plateau values/JjTmcation ^^proaehes a zero prder rate, 
^ uninflcienced.by ammonia level. It has been shown that for suspended growth pro'besses/the 
. r^t^,..of removal approximates a .zer/^ Order re.actioh.42,45,51 However, in none of these 

cases were nitrificatibn rates ,det&rmiiied at ammonia concentrations at or below the valUe c5r 
. Kn Where non-zero order rates effects would be Evident. 
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The fraction of nitrifiers has a marked effect on the nitrification ratesi. Figure 3-8, 
demonstrating this effect, was.developed similarly to Figure 3-7, excepting that the effluent 
ammonia nitrogen concentration was assumed to be 2.5 mg/L A principal . means of 
increasing the nitrification rate is to increase the fraction of nitrifiers: t'rom Tablp 3-5, it can 
be seen that this gan be accomplished by lowering the BOD5/TKN ratio. In terms of plant 
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Q 
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FIGURE 3-8 . * 

EFFECT OF TEMPERATURE^AND FjRAfiTION OF 
NITRIFIERS ON NITRIFICATION RATE • ' \ 
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design, the BOD5/TKN ratio. can be altered by increasing the organic carbon removal ahead 
of the nitrification unit. ' - 



■ It must be emphasised that the nitrification rates ideveloped in this section are only 
-^,,.;fistimated relationships .based on theoretical considerations. Actual measujea values are 
•^^ii>rQsentQd in Section 4:6.3. v , * . ' , . . '. 

practical example Of the eft-ect Of the^jBOD^TO nitrification rates, rate data 

for art attached growth syste.m44 are plotted against the B6D5/TKN ratio in -Eigure 3-9 The 
, epx:t .of BOD5 in the syWthmic x^a^te was to displace nitrifiersW^^^^^ 
. . the bacterial , film, thereby reducing the. nitrifier fraction, kind the -'nitrification rate 

■ Interpstingly, a smaJl amount of BOD's ,~I0 mg/1) wa^ound to enhance the nitrification 
rate.-- -. ' • - ■ ■ . ,■ \ 



rate. 

.'• ■: •- . • ■.<.-■■ ■- ■. . ■ ; ■■ 

. j, . • ■ ■ 



-. EFFECT OF BOD^/TKN RATIO O^I NITRIFICATION 
RATE - EXPERIMENTAL-ATTACHED GROWTH 'SYSTEM 



■■■■■■■■ ■ .'■'y^ ''"■■"'w ■ 'r- - ' 

-3.2j.0itrificatioii Rates in Trickling Filters and Other Attached Growth Systems 



; Disctissibn of kinetip rates in the previous sections- .has^;^^^^^^ oriented tp^ , . 

j\itriflcation in activated . sludge .type (suspended growtfi) nitiificatipn althoi^gh 
. • .'-^me comparisons; have been drawn Snth for /. 

comparative purposes. The^ growth and oxidation 
; 3.2;5:7 and' 3.2.6 are directly applicable to design of suspended^^ g^ ^^^ V'-^ 

^ ■ \ ; shown in Chapter 4, While these relationships are 6 

application is cqmpiicated by ^^^^ that pxygeri mass trkhsfer limitations thypugt^ V 

v' bae^erial siimes may limit reactK)n tates in spme si 
J^,^ * developed ^hich yields insight intd which factors are coritr9lUng5;2,53 but it ha# ; 
^ been extended to thie point wjiere it can be applied directly , to design appUcati^ As a . ; ; 
/; consequerice^ ^the design relationships presented for attaqhed-growth nrtrificatiott } . : ^ 

/ 4. are empirically based and thetefore, less theoretic^iy ;precis(e tilah those devfelbpedi for; ; / 
• - • / ; suspended'grdwth sytems. Though ■ the desi^ relaJibMips 

V '/ . passible the loatHng relatibrishiiis are^presented cm a b^ 

fev ;::^^ mod:el . For instance, ammonia ^itr6gen^ to on a^sMrface { 

* /!vi^||?area "basis, when dfescribipg sepaiate stage nitrificatioh in 
/ and 4:7.2).:^ > . \ . V- ' \ ./ ^ ^ ■ 

-7 '---^ ^bme-i3^ t^^^ ]bi6film.inodel . are- of i^^ . 

7 ; . considerinAJSurface ammonia^r^^ rates^in .at^i^ed grovO^h^^ * 
/ : . ; ..shows tha^e ammonia oxidation rate in attachecf "grbwth systems should not be^dec^ea^ 

7 as dras'tically under adverse environmental conditions as 4n^^ s^^ growth systeihsi^" -^'r^^ 

V'^^^ T^^^ is consistent jyith the observation made in Spction; 3.2,5.4, namd^ . 

" ' ' . attached .growth systems have an advantage over suspended growth^ ^ 
/ . . iower.ternpejatures without as severe.l^^^ ■ , ■ / 7 ' 

/ ^ ^ ^ The biofiim .m odel also shows th^t the. dissolved bxygegj^joncen tratipn must b? 2. 7, times \ 
: .i . the ammonia nitrogen Goi{ceritratiQn to prevent oxygen transfer, frorh limiting nitri^ 
' rates in attached gro€lh syst^ms.52VTv^o operational procedures, have, been^^^uffiested^ 

' ..overcome this limitation: 
: ^- ^.V&y increasing the oxygen translfer thrw the use- .©r high 

'V . / Tecommendatidhh^^^^ made in thjs maniial in Sections 4:4:1.4 abd 4.7:i j2iS^^^^ . V ; 

3.2> Effect of'lnhibitors on Nitrification' V :^ ': . " ' " ' ' ; 

, *' ■'■ • ' - • .■■■'•^ - V " ■ ■ - '■■ '•■^ ■. •■ * '•" 

V.^^ • Cert^n^ij^avy "metals an^ are tox^iQ^Jto^^ *' 

: ' * i ^have riot teen qiiantitatiyely incdrpprated :Mp\the kirifetic descriRtion of nitrifier growth, • ■ ^ 
./ . ' dthough sus^h approaGhes\ave bieen used to describe toxicity. in other :bra^^ . 

V listing "of substances toxic to unaGdiTriated nitrifyirig organisms is preserilied in 'fable 3-6, - 
::; whjch is drawn priEnar^ly fronr the review by Painterw/ , , /. 



•■ 3-2T • ■■■ ■ 
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Sawyer, on reviewing the English literature, suggests that 10 to 20 mg/1 of heavy metals can 
be -tolerated. due to the low ionic concentrations at high pH values of 7.5 to 8.0 56 h has 
also i)een pointed out that precipitated metals (such as hydroxides) that concentrate in the 
sludge . can be disastrous to the sludge, if the pH falls and the precipitate dissolves.' Such 
conditions may occur in the sludge collection zone of the secondary clarifier where, 
continuing organism activity may cause \ov/ pH values; Altemativelyv low pH values may 

occur when. pH control systems fail. , ' 

. - ■ ' . • , • • . ^^^-- ^ 

Davis57 found that silver (Ag) wasej^tremely toxic to nitrification of secondary effluent on' 
a plastic media trickling filter. Levels of 2 ppb in the in'fluent to the filter were concentrated 
to ^5 ppm in the biomass oh the media.This inhibitoiy effect was found to severely reduce 
allowable loading rates and result in only partiarnitrification,^ 



'table 3-6 

' ' ■ " . ^^ V 

.COMPOUNDS TOXIC TO NITRI 
■ - (AFTER PAINTER (D) 




'O.rgariics 



Thiourea. 
Allyil-^.thiQurea 
8 - roxyqdl n ol i n e 
Salicyladoxine 
jHi'stidine 
Amino acids ' • ' 
Tylercaptobenzthiazole 
Percihloroethylene^ 
Trichloroethylene^ 



Abietec acid 



'Inorganics 



Zn 



, CIO 
Cu 
Hg 
Cr 
Ni 
Ag 



rl 



-1 



Also reference 54 
Reference 5 ' 
■Reference 55' 



the rate jiijd change of magnitude of environmental conditions are- nfearly as critical to th$ 
biomas§ as- the;' conditions themselves. It has been shown that nitrifiers can adapt-to toxic 
substances when, they are cohsisten^ly present at concentrations liigher than cause toxic 
effects in slug.discharges. 1-58 -Unfortunately, slug discharges are often present in municipal 
systems and can result from industrial dumps^or from urban stormwaterinflpw. 

Under the .unusual' conditions of discbarge of highly concentrated industrial*wastes' into 
municipal systems.that contain either nitrite of imrnonia* the resulting high concentrations 
of ammonia ox- nitrite in the municipal, waste tan be femporarily toxic :.to the nitrifying 



;populSion.!^9 When these conditions are suspected, the reader is referred to reference 59 
■ which contains A«rts which allow the identification of the - regions of tonicity. Under 

normal iTiufiicipal conditions of pH and concentrations complete nitrification will occur. 

When concentrated indi^trial wastesjffe present, slug discharges should Ije avoided; rather, 

storage facilities should be provided so that . wastes can be metered into the collection 

system at a rate sufficient to ensure dilution to safe loads. 

" ■ ' 4^r ' ■ 

In surn^the possibility oS'^oxic inhibition must be recognized in the design of nitrification 
' systems.. Either imj^fementation' source control programs or inclusioij, of upstiream 
. toxicity removal processes may be required, particulgfly in those ctses where significant 

industrial dischargers are tributary to the collection sylt^m.' ' ' ^ 

■ * ■ . ■ ■ . . ' ' • 

3 J Denitrification . 

The biological process of denitrification involves Jhe conversion of nitrate nitrogen to a 
gaseous nitrogen Species. The gaseous product is prmarily nitrogen' gas but alsa may be 
. nitrous oxide or nitr4€ . oxide^Gaseous nitrogen iS relatively unavail^le for, biological 
growth, thus denitrification converts niff&gen which may bSUl an objectionable form to one 
which has no si^ificant effect On environmental quality. 

As op*posed to nitrification, a. relatively broad range of bacteria can accomplish 
■denitrificatiort; including Psuedomonas, MicrococcusMrchromobacter mdBa^^^ These 
groups accomplish nitrate rSttuction by what is knowfl' as a process of nitrate dissimilation 
whereby nitrate or nitrite replaces oxygen in the respiratory processes of the organism under 
anoxic conditions. Because of^e ability of these organisms to use either nitrate or oxygen 
as the terminal electron acceptors while oxidizing organic matter, these organism? are 
termed facultative heterotrophic bacteria. 1 

Confusion has arisen in the literature in terminology; the process has been termed anaerobic 
denitrification. However, the principal biochemical pathways are not anaerobic, but merely 
minor modifications hf aerobic biochemical pathways. The term anoxic denitrification is 
preferred, snice it. describes the environmental condition of thejftbsence of oxygen, without 
implying the*nature of the bfochemical pathways. # 
■ ' * ■■ ' ■ 

3.3.1 Biochemical Path\yays . • - 

Specific"" information on th^ specific biochemical reaction intexme'diates involved in 
denitrification are available in the literature^O and only certain. Concepts are of interest in 
process^esign applications: Denitrification is a two-step process in which the first step is a' 
conversion of nitrate to nitrite. The second step carries nitrite through; two intermediates to 
V nitrogen gEis. This two-step process is normMly termed "dissimilation." 

Denitrifier^ are also . capable of an assimilation process whereby nitrate, (through nitrite) is 
converted tt) ammonia. Ammonia is then used foh the bacterial cell's nitrogen requirements. 



If amrnqnia is already present, ^assimilation of nitrate need not occur to satisfy cell 
requirements. 

As will be shown in Section 3.3,2, electrons pass from. the carbon source (the electron ' 
donor) to nitrate or nitrite (the electron acceptor) to prornote th'e conversion to nitrogen • 
gas. This invokes the nitrifiers ''electron" transport system" and is involved with the release 
of energy from the carbon source for use in organism growth. It happens'that this electron 
transport system is identical to th^t used,|or respiration Iby organisrris oxidizing orgari^^^^ 
matter aerobically, except for one en^me. Because of this close relationship, many 
facultative bacteria can shift between using oxygen ^ nitrate (or nitrite) rapidly and 
. without difficulty. ♦ 



3.3.2 Energy and Synthe^is Relationships . . 

The use of oxygen as the final electron acceptor is more energetically favored titan the use 
of nitrate. Table 3-7 compares the energy yields per mole of glucose when oxygen and 
nitrate are used as electron acceptors.^' The greater free energy released for oxygen favors 
its use whenever it is available. Therefore, denitrification must be conducted in an anoxic 
environment to ensure that nitrate, rather than oxygen, serves as the final electron acceptor. 
■ ■ ^ 

' ' ^ • 'TABLE 3i-7 ' . 



COMPARISON OF ENERGY YIELDS OF NITRATE DISSIMILATION 
VS OXYGEN RESPIRATION FOR GLUCOSE 



Reaction .' . , 


Energy yield^ 
per mole glucose, 
kildcalories 


Nitrate dissimilation • * 

5CgHj20g + 24KNO2 30 GO^ .+ IBH^O + 24KOH + 121^^ 


570 


Oxygen respiration 


686 . 


Refefencfe .61 - 





Methanol rather than glucose or any other organic, has seen widest use aS; the Electron 
donor in the U.S. (see Section 3.3.4). Using. methanol as an electron donor and ned||ting 
synthesis far the moment, denitrification can be represented as a two-step process asjlpown 
in Equations 3-36 and 3-37: 



FirstlStep a 

NO3 .+ O.33CH3OH = + 0.67 HjO (3-36) 

• Second Step • . ' ' 

' ' NOj. + 0.5 CH3OH = 0.5 + 0.5 CO^ + 0.5 + OH" (3-37) 

The overali transformatidn is obtained, by addition of Equations 3-36 and 3-37 to yield 
Equation 3-38: 

' ' . N63 + 0.833 CH3OH = 0.5 0.833 CO^ + 1.167 H^O + OH" (3-38) 

■ ' ' ■ J 

In this equation, methanol serves as thTelectron donor and nitrate as the electron acceptor. 
This can be shown by splitting up Equation 3-38 intVtheToTIownToxldation-reduc^^^ 
reactions: 

. NO3 + 6H^ + 5e" 0.5 + 3 H^O (3-39) 

(electroa acceptor) 

■ ■ ■ ■ 

+ - ^1*3-40) 

• ,p.833 CH30H + 0.833 HjO 0.833 COj + 5H + 5e. 

(electron donor) 



/ 



Equation 3-38 can be obtained by adding Equations 3-39 and 340 and the following 
eqliation fo^r water: 

*^ HjO. = H"^ + OH" 

. ■ ; , ■ -■ , . ^ • 

From EqiiationiB 3-39 and 340 the'meaning of the terms of electron donor and acceptor are 
clear. Nitrate gains electrons and is reduced to nitrogen gas, hence it is the electron acceptof 
The carbon source, methanol, loses electrons and is oxidized to carbon dioxide, hence it is 
the electron donor. , 

r • ■ ■ ■ ' ' 

As mentioned in Secti« 3:2.2, these reactions take place in the context of the carbonic acid 
system. Equations 3-36 and 3-38 have been modified in Table 3-8 to reflect the fact that 
hydroxide (0H~) produced reacts with carbonic acid (carbon /dioxide) to produce 
■ bicarbonate alkalinity. Also' shown in Table' 3-8 is the equation of synthesis for those 
organisms deriving energy through nitrate tespiration.62 . 



The equations for energy yielding reactions (Equations 3-36 and 3-37) have been combined 
with the equation for oganism synthesis (Equation 3-41, Table 3-8) through knowledge of 
organism yields and are summarized in Tabl^ 3-9. Also, shown for completeness- is the V 
combined e\^ession for oxygpn respiration (Equation 3-44) since, if any oxygen is present, , 
it will be used pl-eferejntially. Similar expressions can be developed for other organic sources 
serving as electron donors if organism yields are knawn .63. 

■ : TABI^3-8 ■ 

■/ . . ■ ■ ■ 

. RELATIONSHIPS FOR NITRATE DISSIMILATION AND GROWTH IN 
DENITRfFIC^TION REACTIONS 



Reaction ' 


Equation 


Jtiquaiion 

••■-.Nq., 


Nitrogen dis^imilati'^ 


% f, ■ 




Nitra^te t(*^ nitrite 

lit 

1 

• • 


NO_+0.33H-0+0.33H C0„ 


3-3 6A f 


Nitrite * nitrogen gas 


M ■■ - ■ - 

"no +0.5 CH-OH + 0.5H^CO^ = 


. ■ ■3-37A 


* • 


O.SN^ + HCO" + H^O 




Nitrate .to nitrogen gas 

* . ,< 


NO3 + 0.833 CHgOH + O.lSZHgCOg 
= 0.5 t'i .33 HgO ■!- HCO" ; 


. '" 3-38A 


Synthesis - denltriflers 


14CH 0H + 3N0~+. 4H-CO„ = 


■3-41 




^3-C^H^02N +.20 H20,+ 3HC;C)3 • 


> 


The theoretical methanol requirement jfcr nitrate reduction, neglecting synthesis, is 1.9 mg 
methanol per mg nitrate N (Equation 3-36, Table 3-9). Including.synthesis (Equation 3-42), 
the requirement is increirsed to 2.47. Similarly, Equation^ 3-43 and 3-44 in Table 3-9 allow 
calculation of methanol requirements for nitrite reduction and deoxygenation to allow a 
combined expression to be formulated for the methanol requirement 


= 2.47;NO:'- 
m ^ 3 . 


-N + 1.53 NO2 -N .+ 0.87 DO 


(3-45) 


A 







where: 



IP 



= required methanol cbncentratiori, mg/l, 



NOl -N = nitrate concentration removed, mg/l, 



NO^ - N = 



# DQ 



Btontass prpduction can be c; 



itritQ 9oneen(;^ation removed, mg/l, and 

....,>. 

Jd oxygen removed, rrig/I.^ 



■Cu = 0.53 NO:, .- 

b . .6 



32 N0:,\- N •+ .,0.19-£>G)°K 



where: 




^I^D dissimie; 

liPRljlTRIFrCATI 




(3-46> 



bidmass produetij 



^ Overa^ .pUrate removal 



, ; ETquatioh 



.•i 'SS^era II ; n I trl te r e mo val'*I '; O 



. 3-42 



■•3-43 



■3-44 



. ' J^t e^perinieiUal/ dala .is expressed; in 'te^^ig^ oT'ih^i^ mg of 

pen nx'g oP'?hitiUl nitrate 'nitrogeii .qpnceirt^ ratio includes the 

rfequirerajent3|^^ni^ oj^e^n, wMqK are^^jsu^^ ^ismall felafive [ip the nitrate " 

requirement^^ iqj^tanciL*^ for a NGJ^ fefj^^^/l pf nitrate -N, 0,5 rtitrite -N and 
3;0^jTlg/l dis^iolve;d oxygiii, the mcitHi^|j^)l' r^ .b(i. calculated to *t)e 64.1 mg/l 

frpmrEquatii^n 345^ The'^M therefq^p;S7jMfe4y25), v^ich is/only 4 percent 

gr^kterthan tf^8 requirement fqr.m^ . .^l^.-^ . 



Values, of )tIiQV ■*M/N \ ratio^qujpd for -complete^iienitri^lpation range frorrfythe" levels , 
estimated frorif fe^uation 345 2!!f Ib^ipethan^ lb of nitrate nitrogen remdvtj^ up to 
.3.0 lb methanol per lb of nitrate •'^rem6v?(i&^ of methanol 
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Fequirements from Equation 3-45 ^re most. likely" due to variations in. sludge yiplds, among . 
^ex^rimerilal systeni;^ It \has been suggested that column deriltrification Systems- rijiiinre .k^ 
lojJ^er M/N ratio 'thr*^'—'^"^"'^-'^ o.,o*^-:.v, a.... *u,. u:_ua-^.— .i-i.-i.:!:. :..,r^u:i^.v:_ 

maintained in the 
tunes arid redijfce 



tuii 

1^ 




wer iVield would ■•result in l^?s'$ methanol required for synthesis and reduce tKe*-W 



ratio. 

^Invgenefal 



al, a^^ M/N' ratio of 3;0 Wijl er>^ble V^c^ :^ / ; : 

nifrateyand this valufe^may be used for design purposes -wlie^ methaiiol is emplqy^d a^^^ ^ 
carbon spurge fbr dienitrification. • . - , . *<, ^^^j^. V 



; 3^3.9 i^lkalihity'and^pH Relationships \ V" " v 



.tquVtions'^-^2.and 3-43 (TaSfc 3-9) show tharbidarb^ate i^roduccd ail|^i;'c^^piiic^^^ 
yc«pceptr^tion ij? ^retldtTed whci|^yor. nitrate or hit rite is^ deniti^Oed ^to riMrp^^^ 
'stbichipmetric.qfiantity of alkaliaiiy produced i$ 3:57 mg Jtlkalinity^s Cad^ 
nle^of^nitrafe or^ni4/ife -N r^duced't^ nitroge^^ : . 

•■ ' • i'v. ■ ■ V ' ' ' ' ' ■ ■ ■ ■ 

Sin'oe bt)tbilTe alkalinir/ concelitratic^iiji^i^ incTe^is^^^ and the c^libpriif; ;acid cpnc|jitratibn is 

rcdu(;ext .^ih6- te^ency 'of' dejiitrification^^^^^^^ least pantiaJfy. Teye^ of 

nitrifigatioi|K^ W'tlSe bi^^^^ re^c^tipLn;(Equati^^ only 

par'tiall^ offsets tlte al^linity loss cau4(| by 5nitrijnGtition, siric^^^^^^ per,mg of* 

nitfogcn^is onlj^f^merhalf.the los^pused'l:)^ nllM (see Section 

Measured alkijiinity pl^^.tio^^ias^ been rcpoVtcd.: to .be sa^ie^hat low 
theoreticalJy.^Expcfiht^hts with an attached gfbw1h^^)ro|ie;^^^^ alkalinity 
produced averaged 2.9^jng as |CaC03 P^r ^jW^f nitjcpgen rtjii^eil.65 Similarly^ the ratig^ for 



a suspend^d^grov^^ €ystem 2.89.6 
Equations >B-42. <arid ^^SgS (T 



w||2.89.« Dei|gtures;fr6ra>th^^^^^ fact that 

(TgJWe *3-9) /represent «over;simpiic^vti6 Biological 
transformations^^tfking p^e and^o not include all' -fi^CtocS^' affecting ajkaliyiity production. 

A value tpr a^liriity grp4ieti^ny:Sli^^^ be 3.0 mg 

alkahnity'asfCaCOij^oa^^ : • 

3.3.4 Alterniftivej^letitron Donors ' - ^ c • ' 

Although nietl>ail§l h^ found ,iif^redominance 1n U-S.^ practice 'a& the clectrdh donor of 
choice, Hie <jignificanp (^the%bst o.f the organic^||bsen fir ' the process has Jed to the 



consideration of alt^natW electron doncj^^ailable, particularly those from waste sources. 
Considering alternate^ C(MinjL>t^'rciar'sources, methanol 's^ehis to continue tx> be the . most 
economic choice, because^ price incfc^s jn^ alterpatfe sources have paralleled those for 



methanol, 
/ 



. 3-34. .• ^ 

■ 89 



<0 



A .variety of compounds thit can substitute for methanol have been experimentally 
evaluated,^^ but design data are available bnly for municipal wastewater organics, volatile 
acids, brewery wastes, and.mola^s^es. The use of wastewater organics for denitrification is 
disbiissed extensively in Section 5 5. 2. Denitrification rates yvith wastewater ;pganics are 
approximately one-third of those when methanoli§ employed. Therefore, denitrification 
reactors must be proportionately larger. Since using wastewater organics adds amTfionia and. 
organic nitrogen to the wastewater^ the sequence of nitrification-denitrification . steps must 
be modified to ensure that thes^ compounds do not escape from the system. Thus, 
wastewater organics are not completely interchangeable with methanol; their attraction,,' 
however, is the possible reduction in operating costs with the elimination of the need for 
methanol in the treatment plant. 

■ . . ■ ■ " " ' ■ ^ . •■• 

In studies conducted for the development of the City of Tampa, Florida's treatment plant, 
it was shown that brewery' wastes could substitute for methanol when. used in both 
suspended growth and column denitrification systems.^^ Bench, scale studies exhibited 
denitrification rates of 0.25 to 0.22 lb NO3 -N rem./lb MLVSS/day with brewery wastes 
compared to 0.18 lb NO3 -N rem./lb MLVSS/day with methanol at a temperature in the 
range of 19 to 24 C. Splids production was found to be greater with brewery wastes than 
methanol, but values were not given. Removal efficiencies were similar in a parallel test of 
brewery wastes and methanol using columinar denitrification.^^ 

Volatile acids have 'also been used as a^ carbon source for denitrification. In studies of 
nitrate reduction in wastewaters generated in the manufacture of nylon intermediates, it was 
found that a mixture of C] to €5 volatile acids was very effective as a carbon source for 
denitrification. ^9 Denitrification rates with this mixture vfkie 0.36 lb. NO3 -N rem./lb 
MLVSS/day at 20 C and O.lO'lb NO3 -N rem./lb MLVSS/day at 10 C. These rates compare 
favorably with those measured for use with methanol (seeSection 5.2.1). Volatile acids can 
be produced from wastewater organics by anaerobic fermentation or by^ldw temperature wet 
oxidation. In either case, the product will contain varying amounts of ammonia nitrogen 
which may have to be removed in the process (as described in Section 5.5.2)' or removed 
prior to use by/ammonia stripping. . 

Molasses was tested at the Central Contra Costa Sanitary District's Advanced Treatment 
Test facility as a substitute for methanol. Peak denitrification rates at 16 C in a suspended 
growth reaction were found to be only 0.036 lb NO3 -N rem./lb MLVSS/day. In addition to 
having a slower reaction rate with molasses, the sludge tended to bulk to a greater de:gree 
than, with methanol, rising from a sludge volume index (SVI) averaging 164 hil/gram to one 
having a SVI averaging 257 ml/gram. This caused a decrease in the settling rates of the 
sludge when molasses was employed. ^1 

Some of the alternatives cause greater sludge production than ottiere. f or instance, about 
twice as much sludge is produced per mg of nitrogen reduced wh(^. saccharose is used than 
when methanol is employed. On.jthe other handf*^ acetone,*acetate and ^thanol produced, 
similar quantities of sludge to that produced whdii methanol is employed^^^ 



Methanol has certaiir^ay^ntages over wastewater carbon sources. It is free of contaminants, 

such as nitrogen, and therei^re cai)*.be used directly in the process without taking the special 

precautions that must be made for^uje of wi,th a waste carbon source. Second, the product is 

of consistent qual^l[|||^hile wastewater sources may vary in^strength and composition either 

daily or seasonal AiTcgnipliGating process contrpjj and optimizatiort. Use of wastewater 

sources will requir^regularjrilayrng of the source to che^clc its purity, strength and biological 

availability. Methanol also nas the advantage of being nationally distributed while suitable 

waste carbon sburce^s may not be gepgraphically close to the point of use. Nonetheless, the 

significant disadvantage of methanol is its cost and this alone mandates the necessity of 

economic comparisons of alternate carbon sources. ^^■^^9y^^:^^'^' 

, . . ■■■ . • ' • . ■ . ■ 

3.3.5 Kinetics of Denitrification 

■* ■, • * ' ' * ' '■ ♦' ' 

Just as in the case of nitrification (Section 3.2.5), environmental factors have a^'signifipant' 

effect on the kinetic rates of denitrifier growth and nitrate removal.- Factors.considered in 

subsequent sections are temperature, pH, carbon concentration and nitrate cdncentratibn. A 

combined kinetic expression incorporating all these factors is presented. / 

3.3.5.1 Effect of Nitrate oil. Kinetics 

■ '. ■ . • ■ ■ 

The absence of significant quantities of nitrite in denrtrification systems^Q''? ^ has led to the 
description of the kinetics of denitrification. as a one-step process from nitrate to nitrdge\i 
gas. The Monod expression is employed to de?scribe the influence of nitrate on growth rate: 

'^a.^ '^D ? D (3-47) 

where: = growth rate, day" ^ 

fijy ~ ^ maximum denitrifier growth rate, day 

= ^^ncentration of nitrate nitrogen, mg/1, and 



Kj^ = ' half satAation constant, mg/1 NOu -N. 



* 3.3.5.2 Rela^riship of Growth Rate to Removal Rate 

Denitrification rates can be related to the oganism growth rates by the following 
relationship: - 

gwhere: ^q^ - nitrate removal rate, lb NO^ - N rem./lb VSS/day, and ' 

= denitrifier gross yield, lb VSS grown/lb NO^ - N removed. 



SimUarly, peak denitrification rates are related to maxiin.uj]|pi deni{^^ growth rates as 
follows: . -^ . • ''l-^yr - _ 

\ % ^'Dl^b^^ ^^^-^^^^^ (3-49) 



3.3,5/3.Solids Retention Time ^ , 

' ' • JS;^^^^ ■ 

Gonsideratioh ' 0^^^ retention time is an important .design 

consideratio;i.^::^:T1lS^ of the biomass in a completely mixed reactor yields the 

relationship.!^^; ' v^^^^ / * v 




, d 



= Y 



D^D '^tk 



(3-50) 



where: • 0 

. c 



solids retention time, days, and 
..decay coefficient j day"^. 



3.3.5.4 Kinetic Constants for Denitrification 

The value' of the half saturation constan±, Kp, is very low. Investigators at the University Of 

California at Davis, found TCp for suspended growth systems to be 0.08 mg/1 NO3 -N 

without solids recycle and 0. 1 6 mg/1 NO3 * N with solids recycle at 20 C.^ ^ For attached 

growth systems the value of Kj) wa's found to be 0.06 mg/1 NO3 -N at 25 C.72,73 it can be 

seen from examination of Equation 3-47 using these values of Kp that nitrate has almost no 

effect on denitrification above 1-2 mg/1, nitrate tN and approaches a zero order rate. The 

observations of several investigators sii^rt these lowi values of Kj), as they have reportedr 

zero order rates' above 1-2 mg/1 nitrate -N.60^'74,75,76 

• • ' . 'J 

Yield and decay coefficients from data of a number qf investigations are shown in Tajble 
3-10. In most tases only Jiet yields are reported or can be calculated from the data reported. 
The relationship between the gross yield in Equation 3-$ 0 and the net yi^ld isi; 



'Y 



- K 



(3-51) 
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(1 d K ,) 



where: Yj. = denitrifier net yield, lb\VSS/lb N0~ - N rem. ' " ■ 

The data of StenseL.e/ a/. 74 for Kh has been used in sojne cases to derive.. calculated 
values for those cases where none was>Teported (Table 3-10). Data from another study 



allow calculation of both Y[) and Kd at 20 C: Tlie value of of 0.04 day"! is consistent" 
with Stenscl's findings at 20 C Values suitable for use in engineering calculations are Yj) = 
0.6to 1.20.andKd=0.04day-r. . r * * / 



It is notable that when ah aerobic stabilization step.was incorporated into the process after 

anoxic deriitrification, net yields reduced by atrnosi an order of magnitude. ^^>80 This effect 

was attributed to enhanced endpgendus inetabolism where oxygen is provided, as an. 

electfon-aGceptor.80 Xable 3-lQ..shows a calculated value for under these conditions of 

0:19 days'', almost five tim«s the rate wheii nitrate serve$> as the electron acceptor for 

endogenous metabolism. Thi» concept is supported by .the results of other investigators' 

whoS(& data, show that the endogenous respiration rate^ when-expressed on an equivalent. 

basis are sigfftficantly greater wlien oxygen serves as the electron acceptor than when nitrate. 
.dcesx8K82 : . .. 

. . . ■ - V ■'■ ■ • 

Both .organism growth rate and nitrate removal rate are :^significantly affected by 
tem.perature. Only one investigator has reported growth rates, '74 all others have reported 
removal rates. To show the effect of temperature on growth and denitrifieation rates, the 
available data have been summarized in Figure 3-10 on a basis that is normalized with 
respect to the rate at 20 C. It can . be. seen that. denitrificcTtion proceeds at a reduced rate as 

TABLE 3-10 



VALUES OF pENITRIFICATION YIELD AND DECAY COEFFICIENTS 
FOR'VARIOUS INVESTIGATIONS USING METHANOL 



- \ .. 

Process description 


Ref. 


-1 ■ ■ 

days. 


.lb- vss 


. ..-.Y.- ■'. 
D' '■ 

■, 11? VSS ^ . 


•days ^ 


Temp, C 


lb NO3-N rerii.' 


4b N03"Nrem 


••Suspended growth , no solids 


74 


Variable 


Variable 


0.57.- 


,0.05^ 


, s 
10 


recycle, continuous 


74 


Variable ^ 


Variable ■ 


0.63 


0.04 


20 >■ 




74- 


Variable , 


'Variable , 


0.67 • 


0.02 


30 


f- • _ . 


71- . 


0.1? to 0.32 


.0.55 to 1.4 






20 




77 


■ 0.1*6 to 0.9. 


' 0,57. to 0.73 




r - \ 


20 ■ 


Suspended growth, b'atch 


75^ 


0.24 to 3.-8 


■ 0.45 to 1.43' . 






5 to '77 ■ 


62 


Variable 


0.53 






. ■ 20 


■^Suspended growth . solids" 


■'^ 


• b 


. 0.58 ^ 


0;.77^ ~ 


0.04^ . 


1 0 *to 20 • 


recycle / contlntidu^ 


AH 


0. 1,31 to 0.347 


0.542 to 0.703 


• 0.84 


0.04 , 


20 


78 


0.25 


. ■ 0\49 ^ ■• 


0.65.^ 


■ 0.04^^ 


.l.^'^to 18 


■ .■' ■ * ,*'■ 


79 


e 


' 0,7 to 1 .4 


0.83 to 1 ,67 


0,04*^ 




Suspended growth-, solids 


78 


a. 30. 


0.051 


. 0.65^ ■ 


0.10^ 


<i^Vto 2.0 


recycle / continuous , 














■ aernted stabilization.. 




f 

■■ . 




9 







^ Substrate was. sodium citrate 

b * ■ • ■ ■ " \ . 

■ q not giveh^ but 0^, = 8 ,0 

^ Calpul.ateci' ,V . 

Assulneci* \ 

e 



0^ 



3 to 6 day^ 
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- FIGURE 3-10 : , 
EFFECT OF TEMPERATURE ON DENITRIFICATION RATE 




'Ibvv as 5 C^bov^ 20 Grfour ouf of seven sets of data indicate that the denitrification-rates 
plateau values, at.sojne't'emperature and do not keelp^ climbing:.; The paraJJel systems' 
.study pfMurpliy, et'ai^^ is'-interesting in that it. shows attached growth systemsj^to be less- 
affectecf. by ^cbld, temperatures thai?" Suspended :.grp.wthv Diffefences .between 

^ attached growth systems and . suspendeil ^^o'W# '^sylifem'is;' may- reflect "differences ia the 
method of measurement^rather..than differences in organism reactfon rate. Attached growth 
system removal rates were ex^ssed on,a unit.surface. ba'sfs while suspended growth sy»stems 

■ wete expressed per unit of biqmass (M^LYSS)' in Murphy's study.8.6 li is. probaible that, 
surface slimes irr^ttacjred growth systems exp'and in .cold" weather and'^ compensate' for 
reduced, reaction' rates^tf^e biomass level could be measured the, rate per unit df biomass 
may very well be similar. Folhi^istance, in one study paral^l tests'of suspended ^nd attached 

■ grawth sysLtem,;^ were at 30 C. Bidm^ss yieasurements wefe made in -both systems and peak 
(^enitrification' rates were found ^to be cpmpafable/OrSS'-jbNOj -N rem./lb MLYSS/d^^ for 
the suspended growth system and 0:45 Jb NO3 -N rem./lb MLVSS/day for the' attached'"'" 
growth syst^m.^^- ' . ' f — ' • ' ' . 

Further information on the effect of temperature on denitrification rateSjs presented in 
Chapter's.- • - v ■ ■ - ^ \ ' ' , - : . ... ..... 

3 J.5.5 Effect of Carbon Concentration oh Kinetics 

The effect of carbon conctntratign.*on the rate of denitrification has be^ri modeled in terms.. 

of a Monod type of expressi(>n. When methanol serves as the carbon source, the expression* 
is:74,89 ■ • - .. - . ^; - ' . . 

• ■ ■ . . ■ ■ ■ , ■ ' ■ \ ]^ * ■' . ' • . . 

,\^he^C:- M = methanol concentration, mg/1 ■ ^ 

■V ^^vi " half satur^stlon'cojistant^fo'jT methanol, mg/l . \ 

7liu ' : ' of methanol. - . '■ 



The earliest invtis.tigator| used a nbnspecific test for methanoK COD.74 As a result the initial 
•^valua^tion of was t^pmcwbat obscureci: A later more definitive investigation evaluating 
u'sed a. specific test:for methanol. ^9 a chemo^tat system' operating at a solids rete^ion 
tlhme'^o^ imd av temperature of 20^^ was oi5erated- in a manner .V^hereby rea^ion 

r^tes^vere limited by and not nitrate, tlieyalue.of Kf^'was found t,p be Very .low, 

p,, l mg/1 as mithanoLThe practical implicatiori-bf.this nndiiig.is4 

^f;the maximum denitrification^ in a suspended groivth." reactor, only about' 1 Jilg/l. of 
mefjiahbl /need -'b^^ In other words, grefat excesses of meth^^ol tfbove 

^*^:^u: ^--^---^--quiremQMs need not^ be^i^ the ^ejffluent from ^a^ suspended growth" 
)ciess. to. 4cliieVe nearly the Wx 



stoichiomjetric re 
denitrifiGatipn prociess 



3.3.5:6 Effect qffpH on Kinetics 



.,' Representative observations lof the- effect bf pH on^enitrification rates are shown jjn Figure . .. 

. 3-11, While theje are some anomalieis, it js apparent that demtrification ra%^ T ;., 

bploW pH 6.0 and above pH 8.0. Thei^e. is some disagreement about tfie^pij^-.of t^^ '-^ 
but the data show the highest rates of denitrification are at least within the rang^^fjH 7.0.,;^^;^: - 



/ .EFFECT OF pH ON DENITtRIFICAXION RAtE 
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3.3.5.7 Combined Kinetic Expression . 

The same approach as employed for nitrification can be used for denitrificatioh to establish 
the effectsvof environmental conditions on the rates of ^d^nitrifier growth (and nitratet. 
removal); , , / » . * 




(3-53) 



where: peakra^^^fdenitr^ner growth at ^ven temperature, T/^ 

Mj) = actual rate of denitrifier growth affected by nitr-ate, methanol, 



T, and pH. 



•■ • ■ ■ * •' ' 

Relationships for temperature, pH, nitrate ancf methanol* established in Sections 3,3.5.3, 
3.3.5.4, 3.3.5.5, and 3.3.5.6 can be employed when using this equation to predict growth 
-rates or removal rates. Ordinarily, j;he term for methanol can be ne^ected (Section 3.3.5.5). 
Removal rates can be related to groAvth rates through Equation 3-48. 

The safety factor c^iincept presented in Section 3.2.6 can be applied to denitrification as well 
as to nitrification, as the concept has general validity for biological systems. Restating *the 
concept for jdenitrification: ' ^ ' , 

■ . ■ ■ • ' «c ■ ■ ' ' 

■ ' °: "-^^ = ■ ■ ' ^ (3-29) 

'In the case of denitrification, the safety factor can be related to nitrate removal rates 
through Equation 3r50 and the following similar equation for the minimum solids retention 
time": • ' _ ^ ' " ' 

. ■ • ■ . . . ■ ., ■• ^"'^ ^ ■ .. ' . " 

^ = Y^p^ - V (3-54) 



' ' ^m D d 

■ v. . . ■* ■ ■ 

The use of these equations for design of suspended growth systems is given in Section 5.2.2 
in terms of illustrative examples. * , 

The above equations cannot be directly applied to attached growth denitrification because 
the reactions take place in a more comple?^ienvirpnment than is.present in suspended growth 
systems.>^tes of nitrate removal in the bacterial films developed in denitrification systems 
may be a^cted by the mass transfer of nitrate or methanol through the bacterial film. A 
biofilm v model has been developed52,53 ^^^y be used to' describe denitrification in 

. ^'97.' ' 



bacterial slimes, but'its use has not Vet been extended to the poiht-where it can be, used jn 
system design. However, the model'indicates that removal rates are most usefully expressed 
on a unit surface area basis and this is the procedure adopted in Section S.3.1 to describe 
denitrification in the various attached g^wUi .systems. -* V 

The biofilm model .usefully predicts certain properties of attached growth denitrifi9atix)h 
.that are significant in design. The model shows that the nitrate removal/rate in attal^Jje^ 
growth sytems should not be drastically affected by adverse environmental corfditionlfe 
compared to effects in suspended growth systems.^^ i^^^ection 3.3.5.4, for instance ' it vft^as 
shown that attached growth systems' are less affected by cold temperatures than suspended^ 
growth ^stems. Another interesting prediction of-^tiie bioQlm ntodel is that methanol will 
normally be film- transfer limiting rather than nitrate, unless* the methanol is supplied in 
concentrations five timies as large as the nitrate concentration^^ (^n imt)ractical situation). 

3.3.6 El^ect of DO on Denitrification Inhibitipil - 

The roje of dissolved oxygen in denitrification is gerierally to suppress denitrification.'This 
has been .explained on\ the basis' that the rate of^dissiitiilatory nitrate reduction is 
considerably slower than the rate of aerobic respiration.^^ While it has been observed thi^t 
denitrification can occur in * the presence of low levels; of DO,6'66 the mechanism of . 
denitrification is aTtributed^to ah oxygen gradient in 'the system whereby some cells'are at 
zero dissolved oxygen and thus able to redjice nitr^^e. ^ 
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CHAPTER 4 
BIOLOGICAL NrrRIFiCATION 



4.1 Introcniction ' 

The application of biological nitrification in municipal wastewate^tteatment is particularly 
applicable tcTthose cases where an ammonia removal requirehient exists; ^thout need for 
complete i^trogeri removal. Biological nitrification is also the first step of the biologioal 

Tutrification-denitrificatibn approach to nitrogen removal 

\ • • . > • ■■ ' • • ■ ■ • . .... • 

\ ■ . ■ • . ■ . ■ • . ■ ■.. . • ■■ ■ , . 

4.2 Classification of Nitrification Processes , 

» , ■ ■ ■ _ • ' ■ ■ ' ' • » '. 

The first means of categbrizing nitrification systems concerns the degree of separation of the 
carbon removal and lutrificadon processes. The first nitrification processes developed 
combined the functions. of carbon^idation and nitrification in one process. The extended^ 
aeration modification of the activated^ sludge process is an example of a combined 'carbon 
ojjidation-nitrification process. Combined carboh oxidation-nitrification procesises generally 
have low populations of nitrifiers due to a liigh ratio of BOD5 to Total Kjeldahl Nitrogen 
(TKN) in the influent (see Section 3.2,7 for aTdis^ussion of this effect). The bulk of the 
oxygen requirement for this pfrocess comes from the oxidation of oiganics. ; 

••. - • . .\ '^^. :y\^ ■ : . '■■ 

Separate stag^ nitrification is the other category of nitrification processes. In this process, 
there is a lower BOD5 load relative to the influent anunonia load. As a result, a higher 
proportion of nitrifier? is obta^led, resulting in higher rates of nitrification. The bulk of the 
oxygen requirements in the, nitrification stage derive from amnionia oxidation. To obtain 
separate : stage nitrification, pretrcatment is required to l0wer t^e organic load or 
BObs/TKN ratio in the irifluent to the iiitrification stagp. 

Both the combined carbon oxidation-nitrification and separate sta^ nitrification processes 
can be further subdivided intq mspended growth attached grow Suspended 
growth processes are those wlych Suspend the biological soKds in a mixed liquor by some 
mixing niechariism. A subsequent clarification stage is required for returning these solids to 
the nitrification stage. Attached growth processes, on the other hand, retain tiie bulk of the 
biomass on.the media and therefore do not require a solids separation step for tetuming the 
solids t6 the nitrification reactor/ In separate stage proc« operated in the attached 
• growth mode, a clarification step may not be required since solids synthesis is low and the 
slougihed solid$ are^ften low in concentration* 

There are many different configurations of suspended and attachecfgrowth reactors; these 
are described in subsequent sectipns of this m^x^al^ For suspended growth reactors refer to 
Sections 43 and 4,6; for attached growth reactors refer to Sections 4.4 aifd 4.7^ . : 
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. Using the classificatton described above, fepii^sej?tative nitnfication processes have been 
• classified in Table 4-1- according to the degree of separation of the carbon removal and 
nitrification precedes. Many of these'facilities are described in further detail iji either this 
. chapter or Chapter 9. Each facility listed has been categorized according to the BOD5/TKN 
ratio, of the wastewater influent -to the nitrification process, interestingly, the processes 
Usted can all be categorized Recording to whether the BODs/lkN ratio is less than 3.0' or 
greater than 5.0. If the BOD5/TKN ratio is less than 3.0, the system^ can be classified as a 
separate stage nitrification process. If the BOD5/TKN is greater than 5.0, the process cah be 
classed as a combined carbori oxidation-nitrification pfacess. Also shown in Table 4-1 is the 
• distribution o'f total oxygen demand- in the process between carbonaceous sources (BOD5) 
and nitrogenous sources (NOD). It can be seen that in separate stage processes, the 
proportion of nitrogenous oxygen demand is at least 60 percent of the total. In combined 
carbon oxidation-nitrification processes, the proportion of nitrogenous oxygen demand is 
lower than 50 percent. ' > 

■ . - (. ■ ■ ' ■ . 

There exists a range of BOD5/TKN ratios between 3,0 and 5.0 where no practical examples 
/ currently exist. I^acilities in this.range could be considered to. provide an intermediate degree 
of separation of carbon removal and nitrification. - 

4.3 Com^binedCarbonOxidation-Nftrification in Suspended Growth Reactore ' 

The conventional activated sl^e process "has seen relatively wide application in Great 

Briton for use in o6taining effluents low in ammonia nitrogen. Much of the U.S. i practice 

derives from that experience. Recent- U.S. design practice has provided .aniplifying 
in,formation. ... ' ' ' ' , 

General design . concepts for- the activated sludge process are covered in the Technology 
;Transf^publi'cation, Process Design Manual for Upgrading Existing Wastewater Treatment ' 
Plants, The following. sections provide an extepsion of these concepts to combined carbon 
oxidation-nitrification applications. ^- ■ ~ \ 

4-3.1 Activated Sludge Modifications^ ' . . ' 

Not all of the various modifications of, the activated sludge' process are appropriate for 
nitrification applications, although some see use where only partial ammoni* removal is 
required. Figure 4-1 gives pictorial representations of four commqn jnodifications - 

4.3.1.1 Complete Mix Plan ts-' ^ V ' 

• . ' . c • . ■ . ■ ^ . ■ . . ■ • _ ■ . 

Many plants are designed .Jo operate on the complete mix principle. Shown onPigure 4-1 is 
an example of the feed and withdrawal arrangement for a complete mix plant. The complete . 
mix design provides uniformity of load to all points within the aeration tank, easing the 
problems of oxygen transfer presented in the headend of the conventional plants. Complete 
mix plants can be designed for comjilete nitrification at loading rates comparable tp- 
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TAfiLEW' • ; 
CLASSIFlCAnON OF MRIFICAtlON F'ACILmES 



Type aad Location 
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, . District, On.. ' ,'■ 
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Lima, Ohio 
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•■<fcplioi;- 

, U 
pilot, design 

■309 

,12. 

13.5 

pilot 
design 60 

pilot , 
2,4 
; pilot . 

pllof. • 

pilot I 

pilot 

pilot . 

pilot. • 



pilot 



pilot, 
pilot 
■■■46 
pilot 



BOD5/TKN' 

Fatlo 



1.2 

7.3t''' 

2.4 
' 1.0 ■ 

2.8- 

5.5^ 
■10.8'' . 
1.3 to 3.0 



3.0 

'■■•1.8 
■ '.2.5 
7.2 
■' 1.0"= 
LO 
3.6 

i 0.8 to 2.0 
2.7 



Oxygen Demand 
Dlstilbutl^on'ln 
fjjercfintage 



BOD5 



d 



5.3 

1.1 
1.7 

.1.9 
0.79 



20 

.6*1 . 

ilr . 

. 38 
65 
70 ; 

22 to 39 

61' 

.28' 
■36.' 
61 ^ 
18C 
18 
40 

,22 . 

„ ■37'^ ■ 



54 

19 
27 
30 
15 



n6d 



39^' 

66 . 
'82 
62 
35b. 

■ 30b 
61 to 78 

39 
34 ■ 

■ 60 

72 ' 
64 
39 
82'! 
'82 
60 
78 
63 



Ref. 



46 

81 
73' 
70^, 
85 



1 

■3"'' 

4 :■ 

■5 ~ 
6 
3 

7,8 
9 

10 

11 . 

12 
13; 
14 
15 , 
16 

17 . 

■18 

19, 20 



Classification - 
Degree of separation 



Combined ■ 
oxidation - 
nitrification 



.21 : 

22 . 
23, 24 
25 . 
26, 27 



Separate 



X 

X 
X 



X 

x> 



5{ 

x 

X 

. X 



Activated sludge - 
Primary treatment 
Lime primary treatment 
Activated sludge 



Primary treatment 
Primary treatment 



Pj:lmary. treatment 
Activated sludge ■ 



Ume primary treatment 
Primary treatment ' 
Activated sludge " 
Activated sludge 
'■[Trickling filter 



Activated sludge 



Primary treatment 

Trickling filter' 
Activated sludge * 
.^TrlckUng filter 
^Activated sludge ' 



lmgd = 0.644m /sec ..' 
Calculated from effluent , 
Ap^tolate, calculated from CQD data • 

.'BOD/NhJ- N ratio; BOD/TKN would be about^3.C 
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conventional plants. As will be shown .in Section 4.3.3.2, complete mix plants may have 
slightly higher effluent ammonia contents than conventional plants due to increased short 
^ circuiting of the influent to the effluent. Design procedures for nitrification with complete 
mix plants are presented in Section 4.3.3. 

4,3. 1.2 Extended Aeration Plants 

Extended, aeration plants are similar to complete mix -plants excepting that hydraulic 
retention times range from 24 to 48 hr instead of the 2 to 8 hr used in complete mix plants. 
Extended aerafioft plants are operated to maximize endogenous respiration, consequently 
solid retention times of 25 to 35 days are not uncommon. Because of their long aeration 
periods, they suffer from unusual heat losses and low temperatures. Extended aeration 
plants, because of thdr low net growth rate, can be expected to nitrify except at the^coldest 
of temperatures ( < l6 C). Unless the sludge inventory is kept under control via intentional 
sltidge wasting, solids are perioSically. lost in the effluent and ni|rification efficiency wanes. 
Section 4.3.4 includes a discussion of design procedures for extended aeration plants. 

4:3 1.3 Conventional or Plug Flow Plants 

/. . •• 

. Conventional plant^ consfst of a' series of rectangular tanks or passes with the total tank 
length to width ratio of 5 to 50.25 The hydraulics of the system have±>een loosely termed a 
^plug flow configuration, so called bebause the influent wastewater^d return activated 
sludge are returned to the head end of the process and the combined flow must pass along a 
long narrow aeration tank prior to exiting/rom the system. The degree to which the process 
actually approaches plug flow is dependent on the amount of longitudinal mixing in the 
process. Conventional plants can be designed to dependabfy nitrify using the design 
approach presented in Section 4.3.5. 

4.3.1.4 Contact Stabilization Plants 

The contact stabilization modificatipn of the activated sludge process derives from the 
-alteration of the feed pattern to the process' Instead of mixing the influent wastewater with 
the return sludge, the return activated sludge is separately aerated in a sludge reaeration tank 
■ prior to mixing with the influent wastewater. Backmixing between the contact, tank and the 
sludge reaeration tank is prevented by providing overflow weirs or pumps between the 
tanks. BOD5 removal can take place in the contact tank which has ^ relatively short 
detention time;, 0.5 to 1 hr based on average dry weather flow (ADWF). BOD5 removals can 
be fairly high because the bulk qf the organics in domestic wastewater are particulate or 
colloidal and can be adsorbed to the biological solids for later oxidation in the sludge 
reaeration (or stabilization) tank. 

The profccss is not well suited for complete nitrification, even though relatively high solids 
retention times'can be maintained in the process because o^ the inventory of solids in the 
sludge^reaeration tank. Nonetheless, insufficient biological mass is > present in the contact 
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nGURE4-l 

MODIFICATIONS OF THE ACTIVATED SLUDGE PROCESS 
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tank to completely nitrify the ammonia and since ammonia is not adsorb^ on the 
biological floe, ammonia will bleed through to the effiuent Partial nitrification can be 
obtained at levels ^yhich can be predicted by methods presented in Section 4.3.6. 

' 4.3.1 .5 Step Aeration and Sludge Reaeration Plants 

■ \ ■ , ■ ., — ■ . ■■ • .. ■ . _ " ,j 

A typical step aeration plant is illustrated on Figure 4- F. Like the conventional plant, the 
return sludge is introduced at the head end of the aeration tank. However, the step aeration 
plant differs from the conventional plant in t^iat influent wastewater is introduced at several 
points along the aeration tank. This distribution of influent flow reduces the initial oxygen 
demand usualfy experienced in the conventional piant.25 ' . 

A variation on the step^ aeration plant that has been popular on the West Coast is to 
introduce no feed into the first pass while directing the flow into tlje remaining downstream 

; passes. A sludge reaeration zone is established in the first pass' and this variation has become 
known ^as a "sludge reaeration plant." Normally, no provision is- made to prevent back 
mixing between the sludge reaeration pass and the ddwnstream passes. - 

■ „ ' / ' > ' , . , ■ , ,. ■ ' ■ . . ■ ". 

►The ammonia bleedthrough characterizing. contact stabilization plants is avoided in a step 
aeration plant because of the greater contact times employed and backmixing of influent 
occurs. Nonetheless, some bleedthrough of ammonia as well as organic qitrogen can occui^. ^ 
this breakthrough results from short circuiting of influent to the effluent and insufficient- 
contact time for complete organic nitrogen hydrolysis (ammonification) and oxidation of 
ammonia. ^ s . . 

4.3. 1.6 High Rate and Modified Activated Sludge ^ ^ . • 

High rate activated sludge processes (high MLSS) and modified activated sludge (low MLSS) 
processes are .characterized by low solids retention times (0.5 days). Under these conditions, 
a nitrifying activated sludge c^not be developed. The high rate and modified activated 
•sludge processes are acceptable pretreatment techniques for separate stage nitrification 
.processes (Section 4.5). i . 

4.3. 1.7 High Purity Oxygen Activated Sludge Plants / , 

Both covered and uncovered rectors have been used with pure oxygen activated sludge, but^- 
only the- former technique has seen actual implementation in full-scale plants.-^S The 
covered reactor approach involves the recirculation of reactor off gases fo achieve efficient 
oxygen utilization! As a^cgnsequence, the carbon dioxide which is present in the off gas is 
returned to tiife>4iauid. The end result is that high carbon dioxide concentrations build-up in 
the mixed liquor and recycle gases, depressing the Tnix^ed liquor pH. pH levels as low as 6.0 . 
are not uncommon. This effect can have a depressing effect on nitrification rates (cf 
Sections 3,2.5.6 and 4.6.3), resulting ip the requirement, for somewhat longer solids, 
retention times for nitrification than would other\ldse . 



Virtually all applications of the high purity- oxygen activated sludge process to nitrification 
Jiaye been for separate stage nitrification applications (Section 4.6), rather than for 
eombiiied carbon oxidationrnitrification applications. ' ' 

. 4.3.2 Utility of Nitrification^irietic Theory in' Design ..■ ' Ji... 

The nitrification kinetic theory presented in Chapter 3 may be directly applied to the design" 
. of those activated sludge modifications compatible'with nitrification. The equations must be- 
adapted to the hydraulic configuration under consideration^ but in all cases this adaptation 
is relatively strai^tforward. . > - * 

Nitrificatioa kihetic theory xan be-very usefully applied to define the following parameter's: 

"1. Th^ safety factor required to handle diurnal "transients in loading to prevent, 
'significant ammonia bleedthrough under peak load cond /. 

. * . . ' • • ' • ' ■ ■ • ■ 

2. ^The design solids retention.time under the most adverse conditions of pH, DO and 
c% temperature. ^ . ^ 

' 3. The allowable organic loading on- the combined carbon oxidatibn-riitrification- 
{.-stage. - ■ . ■ ^ ' ^ ' , . , 

.4. The required hydraulic detention time in the aeration tank at ADWF. . 

. 5;. The excess sludge wasting schedule. ' . 

Thp following sections ^prese^t the design procedures in terms of a nuniber of specific 
examples. 1*he procedure develof)ed for each case has often beea termed the "solids' 
retention tiiiie" design approach. 

4.3.3 Complete Mix Activated kludge Kinetics : 

As a design example, consider a 1 mgd treatmept plant that must achieve complete 
nitrification at l5 C The plant incorporates primary treatment. Primary effluent PQDs is 
150 mg/1, including solids handling return streams to the primary. Total Kjeldahl Nitrogen 
"(TKN) is 25 mg/1 asN. As a simplifying assumption, neglect that portion of the TKN that is 
assimilated irtto biomass or associated, with refractory organics. The wastewater has an 

.alkalinity of 280 mg/1 as CaCQs. The-procedure is as follows: - ■ 

- ^ . >■ ■ . ■ . ■ ■ . ■ ... ■ • ■ 

K Establish the safety^ factor,' SF. The SF is affected by the desired effluent quality. 
' Assume a minimum SF of 2.5 is required due to transient loading conditions at 

this particular plant (see Section 4.3.3.2). * , . , 

' " ' • ." .■ • " '. ' ■■>".■*..' 

2. Establish the minimum • mixed liquor dissolved oxygen (DO) concentration. 



Consideration of aeration efficiency at the peak hourly load is required (see 
Section . 4.8). Assume a min'i^num DO of 2.0 mg/l is selected as a compromise 
-between power requirements and a consideration of the depressing.effects of low 
DO levels on the rate of nitrification as discussed in Section 3.2.5.5. 

3. Estimate the process operating pH (see Section 4.9.2). Approximately 7.'14 mg/l 
of alkalinity as CaCO^ is destroyed per mg/l of NH^'-N oxidized. Neglecting the 
incorporation of nitrogen into bioma^, the alkalinity remaining after nitrification . 

\ vdll be at least: 

. ' . ^ : 280- [7.14(25)1= 102 mg/l . * 

V If a coarse bubble aeration system is chosen^ the pH should remain above pH 7.2 
and chemical addition is not required for pH control (see Section 4.9.2). 

' • ' • . • ^ ■■ . . . ■ ... ' ' • ^ ■ 

4. Calculate the. maximum growth rate of nitrifiers at 15 C, DO =2 mg/l, and 
pH > 7.2. The appropriate equation to be used was presented in Section 3.2.6 and 
is as follows: , 



/'N = ^NfK^^l('r8-33(7.2-pH) 



(3-23) 



where: u.. 



N 



maximum possible mtrifier .growth rate, d?iy^^ 
environmental conditions of pH, temperature, and DO, 

maximum Wtrifier'growth rate, day~^ and 
half-saturation constant for oxygen, mg/l. 



The last,J)r^pkete^. term is taken as unity at^a pH above 7.2. Using the specific 
values adpp^^d -in Section 3.15 for (x^ and leads to the following expres- 



sion: . 



/ij^ = 0.47 



0.098(T-15) 



DO 



DO +1.3 



1 - 0:833(7.2 - pH) 



(4-1) 



Using the numbers gjiyen above: 



/ij^-(0.47)(0.61) = 0.285 day 



-1 



5. Calculate the minimum solids retention time for.nitriScation. F'rom Equation 
.3-15, the correQt expression is: " 



where: * ^ = minimum solids retention time, days, for nitrification at pH, 
temperatJiM'e and DO; • 



For this example: 



6. Calculate the design solids retention time. From Equation 3-29, the correct 
expression is: . . - ■ v r " » 

0^ = SF.^^ - ' , ■ ' '. (4-3). 




solids retention time of design, days. , ' 

; For this example: * ' 

^ : " c = 2.5(3.51) = 8.78 days. ' , ^^ 

7. Calculate the ' design' nitrifier growth rate. From Equation 3-12, the correct 
J- expression is! * * 

■ . ■• . 'i ■ ■ ' ■ . ■ ^ 

... ■■ ... .■ ■ ■ : ■ y.. : - ■ ; ■ ■ ^■ 

where: . = nitrifier growth! rate MVrasomo/ws ,day~^ . 

■ . ■ . ■ . ^ ■ ■ ■■ ■ ■ . • 

For this example: , - » 

■ . ^N==,tW =0;114day^^ 

8. Calculate the half-saturation constairt for amnionia oxidation at 15 C. The proper 
expression is: 

(3,13): 

' ■ ■ \ '"") • ■ ■' . ' • ■ . ■ . ' ■ ' ' ■ 

:^ where: Kj^ = half-saturation constant for NHJ ^- N, mg/1, and ' * 
T = Tertiperature, C / ' 

For this examplfe: / 



Sf. Caleulate the steady state ammonia, content of .the effluent. Equationi 3-24 js . 
directly applicable to complete mix activated sludge systems, where N] is the 
effluent ammonia-nitrogen content: ; 

. ^N = ^N - ■ ^ - (3-24) 

where: Nj = effluent -NH^ - N, mg/l . : 

For this case: • ' / ' . " ' . . 

Mm = 0.1 14 = 0.285 — — - 



N J + 0,405 



Nj =0:27mg/i 



Transient loading effects on effluent quality are presented in Section 4.3.3.2. 

10. Calculate the; organic remoyal rate. The design. solids retention time applies to 
, both the nitrifier population and the heterotrophic population. Equation 3-27 can^ 
■ be applied to determme substrate rernoval ratMi.^ ^ - 

where: = heterotrophic yield coefficient, lb VSS grou per lb BOD ^ 

removed, — ^ 

qjj = rate of substrate removal, lb BOD^ removed/lb VSS/day, and 
= . "decay" coefficient, day"^ 

Assume representative values for Y,. and K ,- 29 . 

■ . - b ■ 'd ■ 



. ' ■ = 0.65 lb VSS/lb BOD rem. 

=%p.0^day-V - 

Therefore: 

0.114 = 0.6$qj^-0.05 
\\ = 0.252 lb BOD reni./lbMLVS^day 
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In the above ^calculation of q^, it is assumed that the fractioiiof nitrifiers is low 
and can be neglected (see Section 4.6.1 for. a. discussion of tliis point). 

/• ' • ■ ■ . • , • ^ - ■■ ■ • ii ' ' , 

1 1 . Determine the hydraulic detertfion time at AlJWF. In. this analysis, the MLVSS 

content and effluent soluble BOD must be known. The effluejnt soluble BOP5 

r can be assumed to be very low (say 2 mg/l>. The MLVSS content is dependent oh 

-the mixed liquor total suspenc},ed solids, which is in turn 'dependejht on the 

i-L 'Operation of the nitrification sedimentation tank \Section 4.10). Assume for the 

purposes of this example that the design mixed liquor content at 15 C is 

■yi. 2500 mg/l. At a volatile content of '75 percent, the MLVSS is; 0.75 (2500) = 

V '.'> ■■ S— S* 

-■,V^ • ■ HT= ° ^ • (4-5) 

'., ~.-v, ■ • ■ • X,-.q, ••.4 ■ 

\ . : •• • , . • ■ ■ ■ IS ■ . ■ • • ' 

\ * • ■ . ' ■ - 

• • v,; ; • • ' ■ ' • ■ 

wliere: HT = ihydraulicdetention time, days, 

i X| = niixed liq^uor volatile suspended solids, MLVSS, mg/l, 

S^' = influent total BOD-^, mg/l, and 

|Sj = -^ffluent soluble BOD^, m^/l. • ' 

For this ^xlample, the hydraulic detention time at ADWF is: 



^1 '.= 7.5- hours ■ ; ■ '-".'^ y r ■- 

12. Detennine tiiiet^prganic loading per unit volume. The volume required in the 
aeration basin for i mgd flow is: " 



/biume = ,Q -HT =1(0.313) = 0.313 mil gal = 41,844 cu ft 
where: Q v Influent flow r 

The BOD J loading is: 

".'■:[■ ''-v^^ (1)(8.33)(150).= 1249 lb/day . . 



the BOD^ load per 1000 cu ft is: 



1249 

JYs4 29.9 lb BODg/lOOO cu ft/day 



13. , Determine tlie Judge wasting schedule. Sludge is wasted from ttie sy^^fem from 
,twQ sources: (1| solids ^contained in the effluent from th/e secondary sedimenta- 
tion" tank, knd (2) intentional sludge wasting from the return sludge or mixed 
; liquor. The sludge' to be wasted under steady state conditions can be calculated 
from the solids retention time. The total sludge wasted.per day is: 

' * . ' / S = 8.33(Q . X. + W . X^) (4^) 

where: = total sludge wasted in lb/day, 

- . = waste sludge flow rate, mgd 

X2 ^ =^ effluent volatile suspended solids, mg/1, and 

X = . waste sludge volatile suspended solids, mg/1 

w . . *^ ■ • 

The inventory of sludge in the system is: 
■ I = 8.33(X.> V) r^:'::::, ' ' (4-7) 

■ ■ - - ■ ■. . ■ ' ■ - • ■ ■ 

■■ ' ■ ' .^ 
where: I = inventory of VSS tinder aeii^lj^, lb, and 

/ :V = volume . of aeration tank^ mil gal 
• The soUds retention time is ;^efined as: 

, In this case^ application of Equation 4-7 yields: ^ 

' I = 3,33(1875X0.313) = 4889 lb VSS 

^ ■ ■ ' ' ' • ' • d ■'■ V ■ ■ ' 

^ Using Equation 4-8 and a d^esign 6^ of 8.78 days, the sludge wasted from the 
'system is: * . • 

\ S = 4889/8.78 = 557 Ib/VSS day 




The sludge contained in the effluent at 1 itigd can be calculated assuming that the efflu- 
ent volatile suspended soMs is equal to 1 2 mg/I: ' ' ' f * 

' 8.33(I)(12)= lOOlbVSS/day , 

By difference, the lb of MLVSS to be wasted from th^ mixed liquor or return sludfee is: 

557 - 100 = 4571b VSS/day • . ^ ^ 

4.3.3.1 Effect of Temperaturt and Safety Factor on Design \ 

The design example presented in the previous section provided one solution to . a set of 
stated conditions. Alteration of the lowest temperature at which nitrification will be 
supported, or, the design siafety factor, or the wastewater strength^ or the assumption of 
different kinetic constants can materially alter the design. : " . ; 

To give one illustration. Table 4r2 has been prepared using differing safety factors X2.0 t<> 
3.0) and differjmg miaiihum wastewater teniperaturesMvith design calculations to derive the 
computed quantities shown. Assumptions have been made for illustrative purposes as tq the 
allowable MLSS. Allowable mixed liquor levels are a function of sedimentation tank 
operation. The mixed liquor level that can be maintained will be affected by reduced 
sedimentation efficiency at lower temi)eratures. Consideration of aeration tank-secondary 
sedimentation tank interactions is presented in Section 4.10. 

As can be seen from Tsible 4-2, low temperature applications (10 C) of combined carbon 
oxidation^nitiincation in complete *mix activated sludge systems require very long hydraulic 
residence times to achieve favorable conditions for nitrification. This factor was one of^e 
reasons for the development of separate stage nitrification systems. As temperatures rise, 
requiieid residence times are materially reduced. At 20 C, less than five hqjurs is required for 
virtually complete nitrification in the specific case examined. While it is possible to design 
for nitrification using the relatively low detention times given in Table 4-2 for 20 C, special 
attention must be given to oxygen tranisfer as a very high oxygen demand is expressed per 
imit ^plume. Considerations for-oxygen transfer are given in Section 4.8. 

4.3.3.2 Consideration in the Selection of SF . 

In introducing the safety factor' concept to the design of biological treatme^ systems, 
Lawrence and McCarty?^ noted that the SF was necessary to achieve higRefficiency of 
treatment, to insure process stability and to provide resistance to' toxic upsets. Excessively 
high safety factors resulted in hi^er operating and Capital costs. It was noted that the safety 
factor concept had been implicitly incorporate^d into treatment plant design practice by the 
selection of solids retention times in excess of ^ 



Because the SF concept is relatively new, there is no jjlant scale experience with its 
appKcation accumulated as yet on which to base broad recommendations. Rather, kinetic, 
theory itself is used in this section'^to establish w/n/www factors of safety considering the 
desired degree of nitrification undpr steady state and transient load conditions. It must be 
emphasized that these are minimum values and individual desijgns may exceed these values 
for. a variety of reasons. For instance, the presence of industrial wastes may adversely affect 
nitrification rates, requiring conservatism in the selection of the SF. 

Figure 4-2 provides a wider array of safety factors for the design example presented in Table 
r^X As may be seen, the selection of the SF hks a marked effect on the calculated steady 
!itate«^iralues of ammonia in the effluent. If relatively complete nitrification is to be obtained 
(at steady-state) resulting in 0.5-2 mg/1 of ammonia nitrogen in the effluent, a minimum SF 
of 1.5 is^appropriate for application to complete mix activated sludge systems. Further, 
•effluent values for a comparable plug flow system are also shown in Figure 4-2 (see Section 
.4.3.5 for plug flow data). As-^inay be seen, complete mix systems hav^ higher effluent 
ammonia levels than plug flow systems at the same SF. 

In all practical applications, waste treatment plants do not operate at "steady state." 
Significant diurnal variation in the nitrogen loading on such systems occurs. Figure 4-3 
shows the diiimal variatioStis in influent flow and TKN loading experi^ced at. the Chapel 
Hill, N.C. treatment plant. Thexatio tjf the maximum TKN loading to the averiage was 2.17* 
while the ratio of the maxim^um to minimum was 6.72. The Ghapel Hill sy^terti is a relatively 
small system ( 1.8 'mgd) with high peak to average ratios for all constituents.^O The variation 
in load for each commumty will be a function of the uAiquet^ characteristics of that 
community (see Section 4.8), and^data iViust be individually developed for each situation. 

TKN load <^ariations tev|^^gnificant impact o^ riitrification- kinetics, and ammonia 
bleedthrough can occur ui^H^ peak load situations.3A,32 Kineticlheory can be applied to 
'^these situations, however,^d' the 'safety factor (?.sta^^ which wiU prevent 

ammonii bleedthrough from causing significkit :^^^ 

A mass balance on nitrogen in the organic and ammoriia form can be made at any time 
during a diurnal cycle which states , that the influent T,KN Ipad is equal to the effluent 
ammonia load plus tha\ nitrifieTd in the complete-inix rea^^ At: 

' \ ■ . ' ^ ' . ...i/:. • ■ 

. - N^QAt = qj^D5^VAt + NjQAt (4-9) 

■■■ ■ ' 1 *6 • ','>. ■ ■ ^ . • • 

where: 'N = influent TKN concentratibn,:mg/l, 

o ^ ■■ ' ' 

^ ^1 = effluent aminonia nitrogen concentration, mg/1; 



Q •= ' influi^t or effluent flow rate, mgd, 

\ ' ' ' J ' ' ' ' 

At ^ ;.timrincrement, . ?^ . 



f 



' V / = ,volume'ofaeration basin, mil gal, ■ 

f : = nitrifier fraction of the mixed liquor solids 

HGURE 4-2 ■' 
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piU^AL VARIATIONS AT THE CHAPEL HILL, N.C: 
TREATMENT PLANT (AFTER HANSON, ET AL. (30)) 
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This equation neglect^ synthesis terms, assumes, all influent organic N is hydrolyzed, and 
neglects terms relating to the rate of change of ammonia concentration^ in the reactor. 
Numerical solution techniques are available to handle transient load effects more exactly.^^ 
Equation 4-9, however, is useful for approximating the effects pjf transient loads. 

♦ • • ■ ' ' . . • . ' - • 

Equation-4-9 may be solved for^Nj, by substitution for the terras for. nitrification rate, qjsj 
and the term fXiV, representing the inventory of nitrifying oifeSnisms. The inventory of 
nitrifying organisms can be related to the solids retention time through the following, 
equation: . . , / ^ - . 

0^=. — — — ' (4-10) 

where: = 24 hr-average influent TKN, mg/1 . / 

^ ' Nj = i24 hr-average effluent NH^ > N, mg/1 

Q = mean flow rate (ApWF), mgd, and ' 

= nitrifier yield coefficient, lb VSS/lbNHj -N removed. ' 

The term QY^CNq-Ni) represents the quantity of nitrifiers grown per day, which must be 
wasted each day to establish a steady-stage solids retention time, 9 ^. The average terms, Nq 
and Nj, are flow weighted averages of nitrogen concentration of an entire day (the 
equivalent of composite samples). Q represents the, average dry weather flow (ADWF). 

The nitrification rate from Equations 3-20 and 3-24 is: 

' : ( ^1 \ 

q,M= -TT- . ^ ■ XT 



Substitution of Equations 4-10, 4-1 1 and Equation 3-29 into Equation 4-9 yields: 



N„ = (^-N,) f SP(-^J.n; (4-12) 



Equation 4-12 can be lised to solve for Nj over a 24rhr cycle since all other quantities in 
Equation 4-12 are known or can be estimated- Initially, Nj can be estimated to be the 
calculated steady-state value. Once Equation 4rl2 has been applied to generate a 24-hr cycle 
of values, a new value of Nj may be calculated. If Nj differs significantly from the 
initial assumption, the calculation process can be repeated. . 
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Equation 4^12 has been applied to the variations in load observed at Chapel Hill, and using 
^ the design , information used to generate Table 4-2 at a jemperature of 15 G. The results of 
" this analysis are plotted in Figure 4-4 for three (Kilei^nf assumed satety factors, 1.5, 2.0, 
and Z5. As may . be seen, the assumption of the safety factor has a marked effect on ther 
average effluent ammonia content, Nj; For this particular case, the ratio of peak to average 
TKN loading was 2.2; the SF had to exceed this ratio (2.5) to produce an. effluent that had, 
on the average, less than 1 mg/1 of ammonia-N. . ' 

The application of^Equation 4-12 tp severaf other such tlase^/showed the same effect;, 
namely , the minimum safety factor* should- equal or exceed the ratio of peak ammonia load : 
to average load to prevent high ammonia bleedthrough at peak loads. This statement may be 
used as "a rule of thumb" for. designing suspended growth nitrification systems operated in 
the complete mix mode. 

■■ . ■ ■ •■ ■ . • ■■ ■ ' . 

A flow equalization procedure applicable to reducihg diurnal peaking on nitrification 
systems is presented, in Chapter 3 of 'the Process D^esign Manual for Upgrading Existing 
Wastewater Treatment Phnts.'^^ By incorporating flow equalization into treatment plants, 
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the safety facW used in kinetic design oif the nitrificatR>|i tanks may be reduced: Case 
examples for treatment plants in^rporating flow equalization are'presented in Sections 
9.5.I.i;9.5.1.2 and 9.5.2.1. . / 

^ •■■ , • ■ . ■.■ ■ . ■ ^ ■ , ■ ■ ^. •' ■■ 

• < ; . 4.3.4 Extended Aeration Activated Sludge Kinetics 

' ■' ,. • . . ♦ . . ■ • • ■ . * ■ 

The procedure presented in Sectioji 4.3.3 for complete mix activated sludge kinetics is 
directly applicable t6^ex tended aeration activated sludge. Extended aeration systems are 
usually operated at such long solids retention times that except during cold temperatures 
(5-1 0 C) nitrification Js usually obtained in prop^y pperafed systems. ' . 

4.3.5 Conventional Activated Sludge^(Plug Flow) Kinetic ' " ' 

The approach f9r conventional activated sludge plants is similar to that for. complete mix 
plants with the exception, of the ^equations used to predict effluent quality. The plug flow 
mpdel may be applied to approximate, the hydraulic regime in these plants. The Monod 
expression for substraf? removal rate ^(Equation 3-24) must be integrated oVer the period of 
time an element of liquid ifem^ns in the nitrification tank. The following is a solution for 
plug flow kinetics that can be ai^apted to this problem as shown:^^ • : 



1 _ 



• for i- <1 . (4-13) 



c 



<N.-Ni) + K^ln^ 



where: r = recycle ^atio (or return sludge ratio) 
.1 L (N^-Nj) 



or 



„-SF • ■ N 



forr <1 *(4-14) 



Equation 4-14 is evaluated in Figure 4-2 for the design example presented in Sertion ,4.3.3. 
Comparing the safety^ factorlo th^. safety factor producing the same effluent ammonia in' 
the complete mix ciase, it can'be seen that lower values of the SF are required for ^^^^^ flow 
nitrification processes than for complete mix nitrification processes; This means that jilug 
flow processes theoretically can be Jnore efficient at the same SF, or alternatively, require 
less aeration tank v61ume.for the same level of nitrification efficiency. However, plug flow 
type reactors have the disadvantage that the carbonaiceous oxygen demand is concentrated 
at the head end of the tank, making it difficult to supply enough, air in that area for both 
carbonaceous oxidation and nitrification. Air ^diffusion systems must be specifically 
designed to handle this concentrated load. Otherwise, the first portion of the tank will not 
be available for nitrifScarion and thus effective volume for nitrification will be reduc 
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A typical DO and nitrification pattern for plug flow tanks where aeration capability is 
limited in the front end of the tank is presented in Figure 4-5, where an aeration tank 
profile foT DO and ammonia nitrogen is plotted. As^may be seen, fiitrification is inhibited in 
the first portion of the tank, because, of the DO suppression due to carbon oxidation. Once 
the DO rises, the ammonia le^el falls at a reaction rate that approximates zero order, a 
reactor order predicted by kinetic-theory (Section 3.2.7). ;It is notable that if ^sufficient 
aeration capability had been available in the head end of the tank, virtually complete 
nitrification probably would have been obt^ed. 

Thus, the first portion of plug flow tanks may be ineffective for nitrification, reducing the 
effective contact time for nitrification. If oxygen supply limitations are present in the head / 
end of the tank, the plug flow type reactofs advantage over the complete mix reactor is^j 
reduced. ' * 

The degree to which full-scale nitrification tanks approach plug-flow operatioa cart l)e 
examined through reactor diffusion theory.34,35 Reactbrs can be ch^iracterized bj\an.axial 
disperson number, D/uL, where D is the axial ,disperson coefficient in square ft per hr, u is 
the mean displacement velocity along the- tank- length, in feet per hr; and L is the tank 
length, ft. In the calculation of the axial disperson number, u and L are known for any 

FIGURE 4-5 . - 
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DO AND AMMONIA NITROGEN PROFILE IN A PLUG-FLOW SYSTEM 
(AFTER NAGEL AND HAWORTH (33)) 
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particular plant design and D must be measured. A Valid empirical relationship, for D for 
both fine and coarse bubble diffused air plants is as follows:35 /^'^ 



D = 3.118 W^(A)°-^'*^ 



(4-15) 



where: 



W \ tank width, ft and 
A = 



air flow per unit tank volume, in 
standard cubic feet per minute 
per 1,000 cu ft. 



/The axial disperspn coefficient, D/uL is zero for true plug flow plants and infinite (oo) for 
true complete mix plants. Plants with D/uL between 0 to 0.2 are usually classed as plu^ flow 
readtors, while for complete mix systems, D/uL is usually in the range from 4.0 to oo . 36 

As' an example calculatioii, the Central Contra Costa Sanitary District (CCCSD) plant's 

nitrification tanks (Section 9;5,2".l) have th? following characteristk^ 

■ ■ ■ ^ ' . ' . ■ •* . ■ . 

Air flow (a^.) = 51.1 SCFM/ 1000 CF 
/ Width = 35 ft . 
Area of tank = 525 sf 
r Length (all 4. passes) = 1080 fr 
/ Flow each tank (4 passes) @. 50% recycle = 22.5 mgd 

From the Xbove data, the mean displacement velocity can be calculated to be 239 ft/hr. 
; Ffom Equation 4-15, the diffusion coefficient is: ^ 



Therefore: 



D = 3.1 18 (35)2' (5 1. 1)0.346 = 14^939 ft2/hr:. 



lerefoEe, the CC( 



D/uL = 14,898/239 (1080) = 0.058 
i^D nitrification tanks closely approach a plug flow reactor. 



Equa 



aatioti 4-15 can pe utilized to evaluate mixing in actual plant designs to determine 
, whether they approafch plug flow closely enough to allow use of Equation 4-15 to describe 
nitrification. It is Mbbable that most plants operated in the conventional mode do approach 
pliife flow. For th/^e plants with intermediate values of D/uL, complete mix kinetics can be 



. employed which 



The hydraulic 
mixi;ig. A series 
example for Car 
for nitrification, 
liqiior overflow: 



CDn 



yield conservative answers. 



figuration of nitrification tanks can also be desired to discourage back 
of :complete mix tanks can approximate a plug flow mgcton In the case 
befra, Australia (Section 9.5.2.2) complete^ix reactors W used in series 
Absolute prevention of back mixing is jfrqv^ded by virtue of the mixed 
ng' wpirs between ..reactors. Available head at the * site was utilized. 



4-22 



129 



EKLC 



eliniinating the need fc)rTiiked liquor pumping^ - 

4J.5 J Considerations in the Selection of the Safety Factor ' . 

; . . ... ' ■■ • ' . • " ■ • ■ • ■ ■ .' " V 

The factors affecting the choice of the SF for plug flow activateld sludge are similar to those^ 
for complete mix applications. Diurnal peaking in load has an important influence on the 
chdic,e of the SF, although kinetic models have not been extended to handle diutnal loads in 
plug flow systems at the present time. If can be expected that the effects of diiima) loads on * 
plug flow systems will be similar to those for complete mix systems as when the effluent 
ainntonia nitrogen level rises to 2 to 3 mg/1 or above, the rate of removal becomes a zero 
ordeJ^ reaction (unaffected by ammonia nitrogen concentration).'!!! zero order reaction 
situations, differences between plug flow and complete mix kinetics are negUgible. * 
Therefore, the adoption of the criteria advanced for complete mix systems (that the 
minimum SF equal or exceed the ratio of peak ammonia load to average daily load), shoiild 
prevent* high ammonia bleedthrough during diurnal^ peak loads. The problem of low 
dissolved oxygen due . to carbonafceous load in the head end of plug flow, systems should be 
considered in aeration design for combined carbon oxidation-nitrification applications; 
indeed, tWs factor alone would justiTy a conservative safety factor. ' 

4.3.5.2 Kinetic Design Approach 

The kinetic "design approach for plug flow (conventional) plants is identical to that 
presented in Section 4.3.3, excepting in Step 9, where Equation 4-13 is used instead of 
Equation 3-24. If a portion of the nitritfication tank is rendered ineffective by DO 
suppression at its head end, then only thfe sludge inventory maintained iinder adequate DO 
"conditions should be used in the calculation of 0 ^ or the SF. ' * 

4.3. 6 . Contact Stabilization Activated Sludge Kinetics • 

Gujer and Jenkins37,38 have developed the kinetic design procedure for nitrification in 
contact-stabilization activated sludge plants. The procedure described herein is a summary 
of their approach, and the reader is referred to their publications for theoretical bases.. 

' • . , '\ 

The overall nitrifier growth rate in the contact stabilization process is the weighted mean of 
their growth rate in the contact tank and in the stablization (sludge reaeration) tank: , 

7ij^ = C/i^ + BMg , _ : ' ' \. (4-16) 

growth rate of the nitrifiers in the overall process, . 
in the contact and stabilization tanks respectively: 
(day"S. 

the fractions of total sludge in the contact and 
stabilization basins respectively. 



where: ,ij^,7i^,/i^.= 



C,B 



Gajer and Jenkins used Equation 4-16, and Monod type expressions for complete mix tanks 
to develop a graphical solution for nitrification in contact stabilization (Figure 4-6). In. 
Figure 4-6, the efficiency of nitrification, rjj^^, is defined as a fraction by: 

..^ • \ ^^3>s \ ■ ■ : 

■ - ■ : • . ■ . 

# • ■•, . . . •■ . . ■ . • . ■ . ' -J ■ 

• ■ " ■ » . . 's ' • ■ ^ 

«»..'* -mm ■ 0 ' •' 

'where: (N02)^_= NO^ -N level in the contact tank, mg/1, and ^ ' _ 

(NOj )^ =- NOg - N level in the stabilization tank, ing/1. ' 

4.3.6:1 Design Example ^ 

As a design example, consider a 1 mgd contact stabilization plant operated at a mihimum 
temperature of 15 C. Influent BOD5 is 150 mg/1, including solids handling returns to the 
primary. Total Kjeldahl Nitrogen" is 30 mg/1, of which 21 mg/1 is ammonia -N and 9 mg/l is 
brg^ic -N. The wastewater has an alkalinity of ilO mg/1. The effluent requirement is not 
more than 10 mg/1 reduced soluble nitrogen (organic and ammonia). The procedure is as 
follows: ^ \ ^ 

1. Establish a reasonable safety factor for nitrificatioh,."^ay 2.5 as in Section 4.3.3. 

2. Establish the minimum mixed Hquor DO; assume 2.0 mg/1 as in Section 4.3,3. • 

3. Establish the maximum, growth rate of nitrifiers, assuming for the moment that 
there is sufficient alkalinity in the wastewater to buffer the nitrification pH to 
greater than 7.2 '(seTe step 14). Therefore, / , ' 

^jvf = 0.285 day"*^ as in Section 4.3.3, step 4. 

■ ■ ■ . . . ». 

4. Calculate the minimum solids retention time, |he design solids retention time and 
the actual nitrifier growth rate (as in Section 4.3.3, Steps 5, 6, 7): 

' ■ . . -■ ; , A ■■ 

' . 0^ = 3,51 days 

. ' = 8.78 days ' 



^ /ij^=-0.114day"^ 
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. NITRIFICATION EFFICIENCY AS A FUNCTION OF 
PROCESS PARAMETERS (AFTER GUJER AND JENKINS (37)) 




Key: 



/ Z 3 

^lu6qe recycle ratio R/0 



1 



DESIGN EXAMPLE 
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-Calculate $lie organic removal rate, as in Step 1 O^Section 4.3.3 : 

_ "qb-ft2521bBOPrem/lbMLVSS^day * " ,. . 

/Calculate the ySS produced per unit of wasfewafer treated: . ' 

. .Compute the nifrpgen. incorporated into VSS,. assuming. 12 perc^^^ nitrogen 
incorporated into VSS: V , a / ' : - - 

0. 12 (67.0) = 8.0 mg/1 N 

Compute the soluble N con,tent of the efHueht,. assuming no depitrification. The- ■ 
effluent soluble N = th6 total influent N minus N incorporated into VSS: 

30 - ^.0 = 22.0 mg/1 solu^^^ ; » 

Calculate the soluble organic N in the effluent. Gujer and Jenkins fdund tljat 40^ 
percent of the iWfluent organic N appeared in solub;le ^f^^ 

q.4(9).= 3.6mg/lpigaiiicN ^ ' , J}: 

s;4.0mg/lorganicN V-^.; ^ 

; "i*'"^?^",!? *^ effluent under keady state conditions: • ' 

Total reduced N -6rgaracN=10i^4 = 6 ita^ . * 

/ • ' ■ - ' 

Calculate nitrate nitrogen Ih'-the effluent and iii the contact tank under steady 
state con ditiohs: r' • / \ 

■ ' ' • . '■■ --M ■ ■ ■ '■■ ; • . - 

: Total soluble N - tmal rfecfticed N - (N0~ ^ . " 

,• -. - , „• . V ■ "•: .3'c •• ■■ ■■ ■, • ;. - ■ ■ . 

' I ■ - *- '.I ■ , • . ■' ' ■ , ■ '1 ■ • ■ ■ ' 

V ' (No^)i=:22- i.(i=i2mg/i ■ ; 

Calculate the required hitrificatiori efficiency from Equation 4-17- ' ' - ' 

; • ■■■■■ • - ■ : . ^ ' ' 

^ *• ^nit"^ ^2/(i.|% = 0.667 ■ ■•; 

In this calculation; it is assuiped that the concentration of nitrate niiroken in the 
stabilization tank (NO^ )^ totals. 18 mg/1, since the contact tank concentration is 
12 mg/1 and with the assumption that the 6 mg/1 qf- ammonia nitrogen is 
completely jnittifie;^ in the stablization tank. ' • .'^? v .- ' 

*■» t. ^ A ■ '. ■ ..... 

^ ■ ■ ... • . ; ■ ■ . ; 



13; Calculate the required sludge recycle ratio. Assume! the fraction of biomass in the 
-contabt tank is 1.5 percept (C= , 0.15). The dimerisionless number A, is used in the 
^calculation; A is defined as follows: 



4^ 



— -C ■ V v. ' . ■ ■ 'J' 



For this example:. 

" ' • A= Q-^^ +1 = 1 

. ,• J- -0.15 

■ -^r • ?vf- :.v. ■■ ... : -■'.v.V-'.r v. .■ .:. 

The required' sludge recycle ratio, R/Q, ' depends on the 'value t pfx A and the 
required-nitrification efficiency -as follows: 



R/Q= , .* . • (4-19^ 



where: .R = ''*recycle flow rate, mgST ^ 
Q = influent flpw rate, mgd 



For this example: 



R/Q = . 0-667 - ' ^t'^Sv 



1.60(1 -0.667r; 

Since Q has been assumed, to l)^'^!^^^^^ the return activated sludge rate is 1.25 



mgd. 



:^jii8 example is also worked graphically in Figure 4-6. The top part of the figure is 
used first by.:fcnteriog^?Jt]ti? absck^ wi^th the value of the SF and ri^g vertically to 
the chosen value of"€ and then readin| the value 'of A-^h Afe ordinate. The 
bottom part 'of Figure 4-6 is then ^s^d^the nitrificatioh efficiency,' Tj^ij, is 
entered on 'the ordinate and traveling horizontally to t of A just 

determined and then finding the required recycle ratio on the abscissa. Figure 4-6 
also demonstrates. a general result; in order to obtain high nitrification 6fricv^^f >(: 
a highet tlfan normal^udge rebycle ratio must be emp \ . f^^"*^^ 



14. Check the buffering of the wastewater. The* quantity of amfiiOriiia 'nitrified is 
reflected by the level of nitriate in the process effluent. Ap|)j:o)cimately 7. 14 mg/1 
of alkalinity as CaCOg is destroyed per mg/l df NH4-N^P^^^ The alkalinity ^ 

- . . remainmg after nitrification would be at least:- 



210 -7.14 (12) = 124 mg/1 as CaCOs 



lWs; Shbuld sufficient residual alkalinity to maintain/ the, pH ai?Dve;: 7:2 fof 
^cda^^ iiyb^^^ aeration systems; If a fine bubble^ aeration system were chosen/ 
chemical a4(^^ would be required and the dose estimated from the' 
yiirp<»dure^^^d .in Section 4^.9.^.^1i^)aiativ^l^ a lowe? operating pH could 

be used wi£h;a j(<i^ / *v ^ 

Calctilate tequir^^^ As in Section 4,,3^3, assume the mixed liquor' 

contertt:jn;fl^^ 2500 mg/1 at a volatile ^coii tent of 75 percent, the 

/.mixed liqiio^^^ soUds In stabihzation.can^^ obtained from the 

. "balance:: ■■ " ' •."'i/''-:?^^ . ' ^c-'-v'"^;: • " . ' 



(Q4-R)X^ = RX^ 



where: coiitact'MLVSS, mg/1, and 

'C. V . . _ 

* * X^ .' '= stabilization MLVSS, mg/1, 



li^^ - 1875 / \^ = 3375 mg/1 



The: total sludge inventory/can be calculated frbin the fplIowing_e<^^^^ 
substrate removal rate: 



1*,- ■ 



sxv 



.(4-21) 

■■ ■..V ■ . 




SXV = ] total inventory of MLVSS in the (xi^tact an 
" ' . stabilization tanks, lb : ; ; i 



therefore: 2XV . - K; 148X8.33) = 48891^ 

. ■ ' V,:- ; (.252) . ■ . 



Of this iaventory. l 5 percent is in the contact tank:.-^ 
" ' 0.15(4889)= 733 lb MLVSS 

ii^TheVemainder is in the stabilization tink: f. ; 
kh " : 4889-733 =415i5tjb:MitVsS 
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/ ' . V =733/(833X1875) = 0.047 mil gal 

vK : * r "^^^^^^^ V '= 4156/(833X3375) = 0.148 mil gal . 

16. Calculate-tiie residence time ^m^ 

P'- * ■ ' .* 

• fl V /Q = 0.047 days = 1.1 hr . 

* ■ ■ c ■ c 

17. Calculate the sludge wasting schedule. See Section 4.33, Step 13. 

•>■%,'. 

As. can be seen from^^igure 4-6, the design of contact stabilization for nitrification is highly 
sensitive to the safety factor chosen and the sludge recirculation ratio. A wide range of 
alterpat^designs can be derived" frbin variation in these^^arameters. Required reactor 
volumes alte also sensitive to the assumed growth rate of^niti^fiers; creating a need-for kjiietic 
data of fiigh accuracy when designing for contact stabilization. ^ . 

The desigjT 'pynbcedure assuipptioh of steady state operation. 

Diurnal variafions'in load will cause average effluwit ammoniat levels to exceed those 
calculated above. To compensate for this, 'it would bV^teoessary to use an even higher SF 
than* assumed in the above example. Regardless of the safety. factor*\chosen, contact 
Stabilization pl^ts cannot be expected tO; completely nitrify except linder the normally 
impractical condition of v^^ high recycle;rates (R/Q = 4.0 and above). However, af high 
recycle ratios the m^qr adyaij^^tiage of contact stabilization is lost because the sludge in the 
. stabitifeation b^sih ^becomes more dilute and' the overall basin volume requirements approach 
< those of the Ctonventional process. This liitiits the application of contact stabilization to* 
situations where only partid nitrification is rfeqi^ • , 

A further limitation on nitrirflbation in contact stabilization plants is the incomplete 
hydrolysis of organic nitrogen occurring in the^ishort detenti^ time contact tank. As noted 
under step 9 above, about 40 percent of the inflifent organic nitrogen appears in the process 
effluent Conventional or complete mix 'activated ^sludge plants, bh the otHer hand, have* 
sufficient contact time to hydrolyze the bulk of -tjie organic nitrogen to animonia thus 
maKSng the nitrogen ' available to nitnbRers and leavmjp very little organic nitrogen in the 

effluent • » 

"\ ' ' ' * ■ ■ 

♦ ■' ■ . . '-'^i ■ 

The short contact time of the contact tank can create problems in the sedimentation tank. 
The mixed liquor solids are not well stabilized in the contact tiftik prior to sedimentation. 



Denitrification activity in the sedimentation tank is therefore greater than in conventional 
or complete mix plants and floating sludge maV be the result. Procedures for circumventing 
the floating sludge problem are discussed in Section 4' 10. 

^ .. 4.3C7 Step Aeration Activated Sludge Kinetics ' ' 

Because of backmixing, the step feed pattern of step aeratipn plants causes the kinetics of 
such plants to' more closely approach complete mix t,lian''piug^fiow.''^^ a result, the design 
approach developed for complete mix (Section 4.3.%^>ah'.usj^^^ employed for step 
aeration plants as a reasonable approximation. In those step aeratioii plants where influent is 
fed to th^ last pass, (as in Figure 4-1), there is the danger that there wiU be insufficient time 
for the organic nitrogen tq be hydrolyzed prior to discharge, resuJtinjgin elevated quantities 
of organic ratrogen in the effluent. Further discussion of this effefct is presented in Section 
4.3.8.2 which is a description of an operating step aeration plant. ' 

4.3.8 Operating Experience with Combined ^dirbonOxidation-Nitrificatibn in Suspended 
• : Growth Reactors . ':'-;:'y':i: " ~ 

.While activated sludge-type systems are commonly used in Englandvta obtain dependable 
nitijfication, their use in the U.S. has not been ^yidespread. Early U.S. activated sludge 
plants of the conventional design nitrified in the warmer months of the year or if they were 
underloaded. But nitrification became unpopular because of the additional aeration power 
cost and.. the. propensity of some sludges to float in the sedimentajion tank when nitrifying, 
and i|/*^:j^stioned whether the added expense was worth it^^^many cases.39,40 ^s a 
conSequen,ce,%^ means, were sought to prevent nitrificationviritfher than to encourage 

vi|ythFou|^ orgiiric loading or through tapered ^;^^fation .o^ picking 

''?ih<^^^s of the process Vhich were less favorable for nitrification. ' This early 
experience. with the process may have led to uncertainty about its reliability. 

Nonetheless, there have been, several "plant-scale operations in the U.S. which have 
demonstrated the viability of the process. The purpose of this section is to review some of 
these cases. Other case^examples are presented in Sections 9.5!1 and 9.5.2. 

4.3.8. 1 Step Aeration Activated Sludge Im^Mpderate CH^^ 

The Whittier Narrows W'^ter Reclamation Plant is a 12 mgd activated sludge plant designed 
and operated by the Los Angeles County Sanitation Districts. The basic purpose of the plant 
is to reblaim. water for groundwafer recharge; the entire effluent of the plant is discharged to 
spreading basins for recharging groundwater aquifers. * - ^ 

■ . . ' ■' . ■ 

Design' data- for the plant are summarized in Table 4-3.41 The plant operates at either a 
cojistant tipYf rate or sT'constant oxygen demand load by pumping wastewater from a trunk 
sewer and returning grit, skimmings, primary ^nd waste activated sludge back to the trunk. 
No solids handling^facjlitlps are provided as the solids returned to the trunk are processed at 

. ■ ' ■ / ' - , ■ ' ■ ' ' 
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■a dowhs^am- prim treatment plant- The^ plant was constructed in 196! at a cost of 
$ 1 ■'700,000; this' co^t includes infliiOTt pumping, foam fractionation and effluent pipelines 
in additibri to those items shown in Ta]ble 4-3. - . 

Recently, the plant has been operated in a manner promoting nitrification. The three 
aeration tanks are operated in a 3 pass series confiigurationj; two-thirds of the primary 
effluent is added along the first pass, with the head end of fKe first pass operating as sludge 
reaeration. One-third of the primary effluent is added to thesecond pass. The plant 

', ■ . ■ ■ . . •' ' ■ ■;' » 

■ ■ ' . • TABLE 4-3 

DESKJNDATA 
WfflTTIER NARROWS WATER RECLAMATION PLANT. 



PlanfFlow 

Baw Wastewater Lodiilngs 

Biochemical Oxygen Demand (BOD) 
Suspended Solids *(SS) 

Primary Sedimentation Tanks 

Number * 
Overflow Rate 
Detention Time 
BOD Removal 
SS Removal 



12 mgd (0. 53 m^/sec) 



, 270 mg/1 
280 nig/1 



2 (1 stand-by) 
2000 gpd/ft2 (82 m3/m2/day) 
1.1 hr _ 
35% 
60% 



Air Blowers 
Nimiber 

Discharge Pressure 
Capacity - Total 

\* 

Aisr^tion Tanks 



Number 
Detention Time 
BOD5 loading 



12 mgd) 



6.Spsig (0.46 kgf/cm2) 
29, 500 cftn (840 mS/min) 



3 

e.Ohrs 

45 lb/1000 cf/day) 
(0.18 kg/m3/4ay) 



Final JSedimentatlon Tanks 
Number 

Overflow Rate (@ 12* mgd) 
' Detention Time (@ 12 mgd + 33% return) . 
Weir Rate (@ 12 mgd) ^ {,/ ^ 

Chlorine Contact Chambers 
Number. 

Detention Timip (@ 12 mgd) including time in Foam 

Fractionation Tank & Effluent Pipe 
Chlorine . ^ 



790 gpd/ft2 (32. 2 m3/m2/day) 
1.7hrs 

12, 000 gpd/ft (150 m3/m/day) 



43 min 
600 Ib/day (272 k'^day) 
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performance reflects its very careful control and;>operation; operating data for a one-year 
period are suijimarized in Table 4-4.9 organic nitrogen data are not availablfe, the data 
indicate that year-round complete nitrification has been obtained. Climatic. conditions for 
this California treatment plant are very favorable for nitrification as [average monthly 
wastewater tempferatures did not fall belo>y 2 1 C for the year examined. \ 

4.3.8.2 Step Aeration Activated Sludge iri a^Rigorous Climate 

' .■ > • . 

The Flint, Michigan sewage treatment plant is being upgraded to comply with requirements 
of the Michigan Water Resources Commission which mandate nitrification for the purpose 
of preventing DO depletion in the Flint Rivgr. In connection with this upgrading, a large 
scale test of .combined carbon ox'idation-nitrification was conducted with the existing 
activated sludge plant over a tenJJnonth period to determine design conditions for the plant 
upgrading. The minimum wastewater temperature tested was 7 C.6 During the test, ferric 
chloride and polymer were^added to the primary treatment stage for phosphorus, removal. 
This also had the effect of reducing the organic loading to the aeration tank. 

The existing plant had three aeration tanks, each with four passes providing ^ 750,000 cu ft 
(2 1 ,240 -cu m) capacity: With ajj average design BOD5 loading of 24,500 lb/day (11,110 
kg/day) to the aeration tanks at a 20.mgd (75,700 cu m/day) flow, the aeration tank load 
^as 32.7 lb/1000 cu ft/day (523 kg/IO()0 cu m/day). Flows were varied to the facility, 
however, to provide variation in loads. Three secondary sedimentation tanks were provided 
having a design overflow rate of 678 gal/sq /t/iiay (27.6m3/m2/day) at ADWF. The plant 
was usually operated in a step aeration mode, with one-half the influent directed to the head 
ends of the second and third passes. 

Average effluent qualities for eight months of the test are shown in Table 4-5. While nitrate 
and nitrite are not shown,' it is reported that a relatively good balance between ammonia 
removal and nitrate production was obtained.^ Nitrite nitrogen was always less than 0.1 
mg/1. The appearance of high concentrations of organic nitrogen wasllttributed to the low 
rate of hydrolysis of organic nitrogen compbunds.6 It is probable that the provision of 
feeding wa^water to the last pass exacerbated the problem by causing insufficient contact 
time for that portion of the wastewater to complete the hydrolysis of organic nitrogen to 
ammonia. ^ 

' ' ' . • ^> 

The effect of temperature and solids retention arC; considered in table 4-6. Effluent qualities 
deteriorated somewhat with colder temperatures, with only 75 percent ammonia removal 
being obtained at 10 C. This ammonia bleedthrough may have been due to diurnal pealyng 
in ammonia at the relatively low solids retention time employed (c.f. Section 4.3.3.2). 

. ' ■ . . ' ^ ■ 

4.3.8.3 Conventional Activated Sludge In a Rigorous Climate 

The Jackson, Michigan wastewater treatment plant is a 1 7 mgd conventional activated sludge 
plant designed for year-round complete nitrification. ^0 The existing plant was upgraded in 

\ • 4-32 ' 



TABLE44 . , 

NITRIFICATION PERFORMANCE AT THE HmTER NARROWS 
WATER RECLAMATION PLANT (REFERENCE 9) 



. dar 
Month 



4 

5 

■ 6 
1 



Year 



f 



8 



10 

• 11 

12.' 
■ 1 

. / 



1973 

im 
m 

1973 
1973 

« 

1973 
1973 
1973 
1^73 

1974 
1974 



Plow, 

01 



10.4. 



,11.7 
(0.5.1) 

11.9 
(0.52) 
■ 11.9 
'(0.62) 

12.fl 
(0.56) 

13,4 
(0.S9) 

13.S 
(0.59) 
. 13.2/ 
(0.58) 

ii 

/(0.49) 
9.9 
(0.43) 
12.1 
(0.53) 
12.2 
(0.54) 



a 

^ Bloiiir 
o 
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Atvvjr wlO 

ratio 


•• 

1 


EVSS, 
mg/l , 








'Air 
tse^ 

, MCF/day 
(1/s) 


, ' COD, 
mg/l 


■ Ammonla-N, 

. "mg/l 


c 

. I ' 


' 1st pass 


3rd pass 


SVI, 
ml/g 


' days 


. hours 


Primary 
effluent 


1 

Secondary 
effluent 


Prlmuy 
effluent 


Secondary 
effluent 


Percent 
fiemoval 


fl.39 . 


■ 22 


2177 ' 


.1474 


78 


13.1 


7i0 


, 29,3 
(9600)' 
27,9 


241 


62 


21,6 


2,0 


91, 


0.40 


24 ' 


2337 


1778 


64 


15.4, 


6.2 


■ 243 


47 


23,5 


; 1 

■ 3,2 


i 


V.1U 




,239(1 


2319 


68 


17,2 


' 6,1 

1 


(9145) 
.. 29,3 

(9600) , 

28.1 . 

(9400) 
■ 27,6 


, 239 


'39 


20,8 


0,8 ' 


■96; 


' 0.46 


■ 28 

IfW 


'2603 


S092 


.IJQ 
fO 


37..0 


6,1 


:,;"227''- 


32 


20,1 


.0.6 ■ 


97 


0 45 




' 2889 


2005 


nil 

77 


An k 

33i4 


5.7 ■ 


223 . 


■' 30 ■ 


18,8 


0,6 


■ 


0 43 / 

VI w / 


2S 


2850. , 


1938 

1 


64 


40.2 


5.4 


(9010) ' 
27,2 


■ 216 .■ 


■■'■34 


19,2 • 

■4 ; 


U 


93,' 


m 


25 , 


2958 


2094 


77 


20.6 


5.4 


(8920) 
27,6 


■■•',228.. 


t» ' ■ ■ «■ ' 

,v • ■ ■ V 


21,5 


■'^.; 


1 

i / . ■* 

93 . . . • 


0,45 


^ 24 


2791 


■2000 


62 


9.4 


' 5,5 


■ (9050) 
27,3 


,235,, 


■ % ^ ' ' i 

■■ 33", 


21,9 • 


2.8'' 




0.B2 

V| MM 


22 


2724' • 


1986 




10.7 


' 6.6 


. (8950) 
25,5 


233 


35 


• 21,8 


1.9 


■ 91 ,■■ 


0.60 


21 


2875 


1971 


114 


,l6.l' 


■7.4 


(8360) 
25,6 


227 


27 


21.4 


0.4 


98 


Di49 


A1 

21 


2857, 


2097 ' 


.88 


, 9.8 


6.0 


(8400) 
28.9 


, ;;242, . 


31 • 


22,1 


0.9 ^ 


96 


0i48 


22 ' 


2888 


1982 


,76; 


9.4 


6.0 


■28,8 , 
\(9440)' 


229 


41 


21,2 


■' 1.0 ■' 


95 ■ 
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1973 in response to an order to improve treatment to a 'point where a minimuifi dissolved 
oxygen of 4.0 mg/1 could be maintained m the Grand River. An analysis.of the ; ssimilative 
capacity of the reach indiQated 'that this could only be done if the effluent were \Qp\pTete\y 
aiitrified to prevent discharge of NOD to the river. 



TABLE4-5 

AVERAGE NITRIFICATION PERFORMANCE AT 
FLINT, MICfflGAN FOR 8 MONTHS (REFERENCE 6) 



3P 



' Parameter 

(all values in mg/l 
except Temp.) 



Raw 
wastewater 



. Settled 
wastewater 



. Secondary 
effluent 



BOD5 

SS . 

Total Kjeldahl nitrogen 
Organic nitrogen 
Ammonia nitrogen 
Phosphorus 
Temp. , C 



250 

300 
27.6 
13.3 
14. 3 
15.4 
7.2 to 18. 3 



131 
140 
23.3 
.9.9 
13.4 
2.7 



TABLE 4-6 

EFFECT OF TEMPERATURE AND SOLIDS RETENTION TIME 
ON NITRIFICATION EFFICIENCY AT FLINT, MICHIGAN (REFERENCE 6) 



Temperature, • 

c ■ ■ 


Solids retention 
, ■ time, days 


NH^ removal, 
4 \ 

percent 


18 {Lnd greater 


4 ■ ■. 


95 


13 


.; ■ ■ , . 4-5 


- 87 


10 


6 


75 


T 


10-12 


' ■ 50 (Lab)* 



'Based on bench scale test results 



Pilot stu'diesiP indicated that a combined carbon oxidation-nitrification system was more 
eoononucal than a two-stage actiyated sludge system. Design data fpr this plant are contained 
in Section 9.5. 1.1. The plant is operated in the conventional (or plug flow) mode. Table 4-7 
summarizes the plant operating data; since start-up the plant has obtained complete 
m^trification at dafiy temperatures as low as 8 C.42 a characteristic of this wastewater is that, 
the primary effluent is weak, bath in terms of BGD5 and jammonia-N. The mixed liquor 
concentrates very well due to the high inert concentration of the raw wastewater, allowing 
higji mixed liquor levels under aeration. Both tH^ weak wastewater and 1:he ability to 
maintain the mixed liquor at a high concentration allow nitrification to be obtained in 
hydraulic retention times of^less than eight hours even at temperatures of 8-10 C. Nitrate 
and organic nitrogen values are not availably.-; . / 
. '.. ' • 

This case history clearly demonstrates that combined carbon oxidation-nitrification can be 
dependably accomplished at temperatures as low as 10 C 

4.4 Combined Carbon OxidatidnrNitrification In Attached Growth Reactdrs 

;The two attached growth reactor systems seeing application for combined carbon 
oxidation-nitrification in the U.S. are the trickling filter process and the rotating biological 
disc process. Procedures for designing nitrification with these two systems are described in 
this.section. - 

4.4.1 Nitrification ywth. Trickling Filters in Combined Carbon Oxidation-Nitrification 
Applications /'-^ 

Trickling filter design concej^f j^ Transfer 

publicatieW, Process Design A^tial fqi^ Plants.^^ 

Therefore, the following discussion |s l^^ ihe^^^J^ for ' 
nitrification in trickling filtei^ used in con]ibined carboh^^ 

As is the case for the activated slud^e/j|^^^ deyeic0n^0^^ of nitrifying . 
organisms in a trickling filter is dep^nd^ifit cjrf 

temperature/ pH, dissolved oxygen the presence of tox|^^|^ the. case of 

the trickling filter, ^there has been no c<«npj>rable d^^ theory for 

combined carbon oxidation-nitrification^ that cialn be directlir-^^^^^ degree of 
confidence. The approach applied to diate h^? largely been empirical and relieid ^Sstly on 
specification of an organic loading rate suit^blp for application to each media type.2 1 , 

■ ^> • ' . . ■. . ■ ■ 

4.4. 1 . 1 MediaSelection ' . ^ 

' ' ' . ' ' , . ' ' V, .. ■ > • ■ : ■ 

The types of media currently available are summarized in Table 4-8. Rock applications are 
generally limited. to four to ten feet in depth; the plastic and redwood media may be built in 
towers of 15 to 25 ft in height due to their -lighter^ weight^and greater void space for 
ventilation, affording considerable space saving economies. Loading capabilities of trickling 



TABLE+7 



iTRraCAM PERFORMANCE AT m JAaSON, iCiDGAN 
, fASOTAIERmmmPUNT:(REFEREN(l42) ' 







Flow/ 
mid 

J j 


T 

1 

1 
1 














Air 
UBe.; 

MCF/dayb 


BOD5, 


Ammonla-N, 

■ ng/l : 


Month 


Ye« 


/ 


. kOkw 


TenpM 


MISS,, 
mg/l. 


SVl, 
ml 


K 


HTi 


PrlTniinf 

effluent 


effluent 


effluent 
— 4- 


effluent ' 


Benoval 


8 


in l a , 


• 7 










* 


IE fl 


7.6 


14 


75 


2.5 J 

A- 


i 8.1 


0.6. 


93 


.9' 


'IMS 


(0.63); 

12 4' 




42 


20 0 








OtO 


u 


82 




/ 9.9 


0.7 


• 93 






,(0,M), 


















< 1 










•k" 111 

f ■ 


19?3 

AVIV 


13.2 






17 2 




if 






14 i 
ill ^ 


•81 


3 ■ 


lU, 


1.2 


90 


.w , 


■ :>r 


■ (0.58) 








9 




















1913 


12,2 
(0.53) 




.10 




%' 






VI V 

I 


14 


91' 




11.0 


0.8 


' 93 ■ 




1973 


11.1 
. (0,S0) 






12,'2 


1S80' 


15 


18.1 


•9.9 


11 ; 


00 




u.o 


n I! 


90 

i ' 


■ . 1- ■ 


19M 


KO 
.. (0.81) 






lU 


1830 ' 


13 


10.3 


7.9 








■ ''9i2 




■92 ' 


. 2 


1971 


11,2 






10.8 


■1800; 


. 12 


,11.0 


8.2 


li 


101 




9.3. 


0^6 , . 


91' 


.3 


1971 


, (0.82) 
18,V 
(0.81} 




■ .43 


11.1 


1930 


38 


11.1 


U 


11 


/ 90 


'.1 , 


7.-1 


0.8 

4 


■ 93' 



,;! • ■ ■••.■1 



U'HCFi 



1er!c 



■,1 -I 



filter media are known to be related to the available surface area for biololgical slime growth. 
Specific surface, or the' amount of media surface contained in- a unit vohime, is a gross 
measdre of the, available surface for growth of organisms. Plastic media is ava^ble in higher 
specific .surfaces than that shown in Table 4-8 . Design practice has been to aydid the use of 
media with higher specific surface "iand lower voids due to the danger of clogging in 
combined carbon oxidatipn-nitrification applications.^ However, there lias been recent 
experience which indicates that medias with specific surfaces exceeding 35 sq ft/cu ft (1 15 
m^/m^) have been used to tr^t domestic wastewaters without media clogging.^^ , 

' TABLE4-8 



COMPARATIVE PHYSICAL PROPERTIES OF TRICKLING FILTER MEDIA 



Media® 


' Nominal . • 
S^ize 
, (cin) 


Unit 
Weight 
Ib/cuft 

(kg/m^)' 


Specific 
Sufface 
Area 

sq ft/cu ft 
m2/m3^ 


Void 3pace ' 
percent 


Plastic^ 


24 X 24 x48 


2-6 


25-35*^ 


94-97 , 




(61 X 61 X 122) 


(32-96) 


(82-115) 




> Redwoorf* I 


47-1/2 X X 35-3/4 


IX). 3 


14 


76 




(121x121x51)^ 


(165) 


(46) 


46 ■/ 


Granite 


1-3 - 


90 


19 




(2.5x6.5) 


(1440) 


(62) 




Granite 


4 




13 


60 




(10.2) 




(47) 




Blast Furnace Slag 


2-3 


68 


20 ■ 31: ■ ' 


49 


(5.1x7.6) ; ' 


-(10910) 







^forence 25 . ' - 

Currently manufactured in the U.S. by: the Envlrotech Corp., Brlsj*ne, Ca.*; 
the Munters Corp., Fort Meyers, Fla., and the B.F. Goodrich Co., Ma^etta, 

■■■■ jjOhio;. :.*;,• ■■■■■'■■ 

, ^Denoer media may be uoed for separate stage applications , . see Section 4.7.1.1 
Currently manufactured In the U.S. by Neptujae-KUcrofloc, icorvalls. Or. 

■- • . . . . ^ . ' ' ' , ■ _ • - _ 

4.4. L2 Oxganic Loading Criteria 

Observations of the effect of oigaiiic loading on nitrification efficiency ih rock media and^ 
trickling filters are summarized in Figure 4-7. The data are from the following full-scale and 
pilot-scale plants: takefield^^^^ Allentowh, Pa.,25 GainesWUev Fla-,44,45 Corvallis, 

Or. 46 Fitchbu]% Mass.^2S^'Ft Benjamin Harrison, Ind. 25 Jbhaimesburg, South Aftica,47 
and Salford, England.48 Several intereisting factors affecting design ire evident Firet, 
organic loadijig dgniflcantly affecfc nitrification effidenty. Tiu?;,is prindpalljr caused by the 
fact that the bacterial film in the rock becomes domtoaifed by heterotrophic bacteria. The 
relative high bacterial yield when BOii>^ removed catises displacement of the nitiifiers from 
the film by heterotrophic organisms at high oiganic loadings. 

As opposed to nitrification with activated shidgp^ the breakthrough of ammonia in a 
trickling filter is not abruptly affected by loading rate. For rock media, attainment of 75 

4-37 • ■ ^ 



percent gjutrification or better requires^^He organic loading to be limited to 10-12 lb.. ^ 
. BODs/iOOO cu ft/day (0.16 to 0.19 kg/m^/day). At hi^er organic loading rates the ^egree^ * 
of nitrification;- dimiriis3^ such that above-.S^ tt> 40 lb BOD 5/ 1000 cu ft/day (0.48 to 0.64 
kg/p^/day) very little nitrification occupi: these findings are coflsisten^ with thpse df'the 
National Reseiarch Council whose evaluation of World War ll miUtary -instaUation^;^ 
that; the organic loading should not exceed 12 lb BODs/lOborcu i^^^^^ (0J9 kg/m^/day) 
for rock media. 49 

♦The partial nitrification occurring ^at interpifediate loading rates can cause confusioi) when 
attempting to ^jpilyze organic carbon rempy^ls across trickling filters wifh thejB^D^ 'test. 
.Samples from^vt^e^:. effluent of these partia% nijrifying trickling filters wiil .coht^n a 



FIGURE 4.7 



^ ' EFFECT OF 6rGANIC LOAD ON NITRIFICATION iBl^FICIENCY 

OF ROCK TRICKLING FItTERS - 



o 
0: 

Ul 



o 



ft: 




BObg . L OAD Lb/ 1000 cu FT/^^^}^ l]-^-- 

' 1^^<'^v- c^-'^ r .\ 



:5-siigii^ficant' qyantity of hitiifiefs that cbuy ac^as seed fbr promd^ within the 

incubation period of itte .BODs ^test;^^ 1.5 mg/1. of ammonia nitrogen is 

to the dilution, water in thP BOD5 test Md will also be nitrified. This Wl result in' 
•unexpectedly high oxygen deiiiands. If the BOD5, test is to measure oi^anics in effluents 
from trickling filters, then nitrification must be siappressed. The same is true for activated 
kludge, but to a lesser degreie' as pihiat'iumiication is less prevalent. 

■ • ^ , ■■ ^ ■■[ ■ , ' ■ ■ -. '■: ■ . V -V;. 

A? .ppppsed to the relatively efficient.removal of ammonia jn tricklingriltere. it appears that' 
. .iedHCtions in organic nitrogen are variably land range between 20 and 80 . percent. (Table 
•V ^^^^^-.O^e^ic nitrogen reduction can be obtained through employing efflueint fiitratipn to 
rembve pgrtipulate;^^ HoweVi^; aU ti^a^^ systems are limited to about 1 

to 2 mi^l of splill?!?;. Organic nitrogen, contained in refractory organics, ahd thfefe|bre there 
are Umitsio^lglimp^^^^ be obtained with effluent filtration. ^ 

4.4.1;3:Efftct;pfi4&dia:^ 

The specific surface of media Sele^ed has a substantial leffect^on tiie aUowabk 
loading rate for trickling filters: -Greater spedfic surface 

biological fihn development and therefore a greater conce"iuiitiSh'pf orgaAism^^^^^ a unit 
volume. Therefore. -the organic loading may be higher in cases whei^ the -specific surface of 



ERIC 



TABLE 4^-9 



.i ORGAMC MTROGEN REDUgtf%S^^ TRICKUNG FILTERS^ 



References 44 , 45 
*^RefereVlc9'47 
^Referehcei 21 , 51 



;^ . Faculty 
Location 


Organic 
load, 

lb BOD /lOOO cu ft/day 
(kg BODs/mVdayl 


> ■ , ■■ • Of 

'•Deipth'^ 
■'ft/- 


Media 


Influent * 
organlc-N, 


Effluent 
organic -N, 


■ - 

Organlc-N 
" removal. 




..(m) . 




mgA 


.msf/1 


percent 


Gaines vme,.Fla.^ 
(pUot) . - 


. 31^5 ■ 
(0.50). 


(lis) : 


1-1/2 - 2-1/2 in. 


.16.6 ■ 




56 — 


Johannesburg , S .A?*; 
(full-scale) 


31.2 
(0.50 

19.6 

(0..31) ■ .. . ■ ; 

13.1 

(0.21), 


12 

(3.7) 

. .6 ' 
7 (1.8) 

12 

(3.7) 


' ' . 2 in. 

1- 1/2 in - • 

•(3,8 cm) * . - 
f roc K 

2- 3 in. 
(5.1^^.6 cn) 


.6.3 
8.2, 


: 4.7 
, 2.5 . 
3.6 . 


' 52 ' . .7 
60 

---,.56 

T ■ . 




10.5 • V 
^ (0.17) ' . 








2.2 - 


7fl 




• 6.8^ ' . .. 
(0.11)., ' . . 

" . i\ 


A ■ 


^ ' . • ■ 


*V^;13.9 




85 


Stockton, Ca,^ 
(pilot), 


.14 

(0,22) . . ■ 


..■(6i6)..> 


plastic 
27.55A:uft 
;(86.inVm'^) . v 


..V. 11.3 




i w ■ ■ ■ ■ 

21 




22 , . 
(0.35) " . , 


1 ' .i 


■I' , ■' 


11. ■4* 


9.0 


'21V;:.:":;;.;; 



the media is ijicreased over^that of Vock media/ An example, is the work of Stenquist, 
W 21 yvh5 showed that plastic iftedia,(27 sq ft/cu ft) coulfl'be loadedl at about 25 lb/1000 cu > 
ft/day and' still achieve good ^nitrification (Table 4-10). The higher allo^yable loading* , 
attributable to plastic trickling filters was. attributed to ^be at least partly due to the^greater * 
specific surface of plastic media when compared to rock media. Anothier factor favoring = 
greater capacity of the plastic media . filters may be pxygen supply. Rock filters often have . 
;ppQr ventilation, particularly when water and air temperaUires are close or the same. ! 



4.4. 1 .4 Effect of Recirculation on Nitrification . > . ' 

Th^, benpficial effects of recirculation, on enhancihjg nitrification |fi1trickfing filters is evident 
in tlie data for- Sa^ England -in Table; .4^ The'^irappsitidri, of ^a 1:1 r^ecycle ratio 
consistently improyed ammonia Ye compared to wheiv nd feciftulalion was the rule. 

Trickling filter, plants V;desigrie hitiifi'catibn ^Hoajdvincprporate^; p for recjr; 

culation.*:. •* ■ - .* ' ' ^^'r: ' r - \- - r:\ 

The minimum .hydraulic application rate for plastic media trickHng filter^ is iii'thfe^^r^^ df :.; 
0.5 to l.Q;g]jj(h/sf (0.020 to 0.041 m^/in^/miriO. This m^^^ fate.mUsf be supplied to^ 
.;:ehs|Lire uhifomi; wetting of the media; ^ nitrification" design loadirfgs 

may result in applied hydraulic loads^ lower than the minimum, hydraulic application rate. 
Recirculation provides the means for preventing, drying" ^ 

ensuring that at least the minimum' hydraiihc' application rate is applied' at all tijnps.;-: . . . 



. 4.4.1.5 Effect of Temperature o^l^itp^ 

Available data for., nitrification -are* largely for wami liquid 
'effects of reduced temperatures ■(<' 20el^ allowable organic 
oxidation-nitrificafion..^P:pliGations are not known at this time; 
data given in Sectiori J.2i5.4 would indicate; that, organic loads 
below those shown in Figure^ 4-7 for cold'weather operation. Thii 



: ' V . TABLE4-1P 

LOADING CRITERIA fQR MTFl^^ PLASTIC i^lfeDIA AT STOCJCTOK 



tempbratureSj and the practical 
Ipads for combined carj^on 
However, the kinetic* rate 
Voi^ld hav& to be'redueed 
reduction iii organic load 



BOD 
. '.load, 
ir/ibCip cu ft/day 
(kg/m /day) 


Temp, 

C . 

— — • » 


vinflaent 
BOD., 
mg/r ' 


Depths 


. Media ;v 


J^e cycle 
* ratio.^ 


a- — 

liifUient 
NH4-N, 
.rng/1 


NH4-N, 

lmg/1 


Percent 
nfitri'flcation 
(or ^mnjonia . 
■'removal)'" 


Reference 


14 . 

:'^2? • „ 

.-•,:;:(0y35)- .■ ^■ 


26 .. . 

■ 24''-;-. 


-J pi : 


•21.5 . 
(6,6).,. 

(6 ..^). . 

.J- 


. ■ (Surfpac)^ 


^^5.5-;; 

2:25 


'■ ie-s • 

:;>i7V"5 


" l-.Or- 
* ., «' • 

2,0 ' ■ 

■ * 


■ 94* . • 

p . . > 
. 89 . 

, '..-VV 

• ) — - 


',^ 21, 51, ,i- f 
2.1-v51 * 



•*Z7«ci ft/cu ft (86 m2/m3)^ .■ ' V'" '* -i^i • : ' I " / ' ■ 

b ' * ' ■ , .... • * , • 

Recycle ratio is tiie ratio of recycled.effluent to influent. Effluent -was recycled prior to sedimentation. 



woW^d 'reduce the loadings to such- low values as to cause capital costs to be higher than 
"other available ^anntipnia removar techniques, siich as separate stage nitrification or a 
physical chemical technique. s f# • * 

• ' •-•*•". ■ • . . ■ ■ ■ 

'* . 4.4. Ii6 Effect of Diurnal Loading on Performance i>; 

Jrit i^ ■ : \ * '■ . ^ ■ 

White it is kftown fftat diurnal variations in nitrogen loading will cause variations in effluent 
quaMty, no f^ipfonniSftion i^ available which wouW /allow quantitative guidelines to be 
formulated. In cases wtere .large peak to averse flow ratios are experienced, flojv 
equaliziationbefoi^ the nitrification step m -C 

4.4.2 Nitrification with ^fhe Rotating Biological Disc Process in Combined Carbon 
•f "V;/ Oxidatioh-Nitfific 

The rotating biological disc (RBDH)rocess is beginning to see use in the U.S. in combined 
carbon oxidation-nitrification applications. The following discussion is abstracted frbin 
Aritonie,52 

The RBD process consists of a series of large-diaimeter plastic discs, which are mounted on a 
horizontal shaft and placed in a concrete lank. The discs are: slowly rotated while, 
^approximately 4O^rerip0nt of the surface Wea is^ immersed in the wastewater to be treated. 

. ■ TABLE4-11 



EFFfiCT OF RECIRCULATION ON NITRimCATION IN ROCK TRICKLING FILTERS 
AT SALFORD, ENGLAND (REFERENCE 48, 25f 



BOD5 

load 

lb/1000 cu ft/day 
.Jkg/m2yday) 


V "Influent 
BOD5, 
mg/i 


Influent 
. . NH4.-N- 
mg/1 


"■'•v^ Effluent ■ 

nh^-n/, ■ 

mg/1 


Percent 
nitrification . ^ 


without 
recirculation 


ti 

, recirculation 


without 
recirculation 


with 
* recirculation 


22.6 
♦ (0.36) 

16, 3'-. 

tb.26) 

l'i.8 
' .: (0.19) 


266 
•235 
191 

za9.„ 

165 

d- 
199 

206 


"33. '9 
31.3 
32.0 

■J- 

4a.a 

. 40.5 
^ 40.7 
36.3 
36.6 

'* ' ■ '* 

■ . \ — 


19.7 

16'. 9. 
9.7 


13.6 
11.8 
4.8 




• ^2 . . 
46 

70 t 

7Z^,.. 


'60 
62 

I- o85 

— ,.?.>9^..U^> 


••..■..,7.7 . . 

- : (0.1 2) 

-5.9 

(0,095) 
4.6 

(0.074) 
■ 3.2 

(0^051) 


11.4 
5.7 
2.8 

;*"• 0.7 


4.9 • 
•2.8 
0.9 
' 0.4. ' 


72 

.86 
.93 


■ .88 ... . 
. . . " 93. ■ ■ . 
■- * 98 
. , 99 



^Media was. blast- siag, 8 ft" (2.4 m) deep. With recirculation a*l :1 ratio was employed. 



Shortly after start-up , organisms presentjn tlie;^^ adhere to"^he rotating 

surfaces and Jrdw until in about one -week, the entire surface a%a is cjayere^ with a layer of 
.aerobic biomass. In rotation, tKe discs pick up a thin fibi of waste^water, w^icli Oaws do%n 

the'surfade of the discs and absOfbs/oX^gen frcjjn* the^ir. Microorganisms jjembve both ^ 
' . dissolved oxygeij and olrgahic materials from tljis thin filmtof Wastewater! Shearing .forces 

exerted on the bidtRass^as it passes through the waste#kter strip excess grqjirth from the . 

discs into the mixed liquor. The mixing action of tlie rotating discs keeps the sloughed vsolids 

in suspension,^ and the wastewater (»ow^ carries them out of the ♦disc setffions into a' 
.secondary clarifier for reparation and dispbsaL TRe discs also serve to.mix the. contents of 

each treatment "^tage. Trea||d wastewatef and sloughedsolids/lbw to a secondary cfarifier 

where the solids settle out and the rfflaent passes on , for further treatment or disinfection. 

The settled solids, which can thicken up to 4 percent solids content in the seco;idary 
• clarifier, are removed 'for treatment and disi)osal. A flowdiagranl for a typical application of^ 

the RBD process is shown in Figur^ 4-8. - ■ 

. . . • 

. ' , iFIGURE4-8 ' 

■ . "■ ■ . ■ ' ■ ■ -r ' ' '^^i ■ ■ ^ ^ . ' ■ . 

ATYPICAL ROTATING BIOLOGICAL DISC PROCESS 
. (COURl%SY OF THE AUTOTROL CORP.) 



Primary Treatment 



Secondary Clarifier 



Raw i-N 
Waste^ 




C^fffluent 



Solids Disposal ^ 



Orie current disc; design consists of vacuum formed polyethylene sheets formed into 
concentric^ corhigatfons which-pro^de a high density of surface area. The corrugated sheets 
are then welded together to form a stack of discs with approximately VA in. (3,2 cm) . 
center-to-center spacij^g. This type of construction has a surface area density of 

radial passages extending from the Shaft to the outer perimeter of the discs. This'assures that 
wastewater,^air,'and stripped biomass can pass freely into and* out of the disc assembly. In 
the twelve-ft .(3.7^m) diameter size, jadial passages are provided every thirty ^degrees. 

Th^ disc units &re normally housed to avoid, temperature drops^across the process, to 
pffevent algae growth on th^ disc surface, and to protect the surface from hail or rain which 
can. wash the Slimes off. Information on disc types and. on the general design of these 
j^cili^escan be obtained from the various disc manufacturers. ^ * - *^ 



EKLC 



442 



151 



• * 4.4.2.1 Loading Criteria for Nitrification , . 

As th§ rotating discs operate in series, organic matter is removed in the first disc stages and ' 
subsequent disc stages a^ uSed for nitrification. This separation" of function.occurs without 
the need for intermediate 'clarification. Nitrification does not commence until th^ bulk of 
the BOD5 is oxidized. When , low levels of BOD5 are reached, the disc stage is no longer 
dbhiinated by heterotrophs, and nitrification can proceed. 

f 

Antonie^^^as summarized ♦the effects of process operating conditions on nitrification. Test 
data frQpi a number of locations are sho\yn in Figure 4-9B. The degree of ammenia^i;. 
oxidation is*related to the hydraulic loading 'on the rotating mfedia as gallons per day per 
unit surface of available surface area. Also important, as it affects population dynamics, is 
thie influent BOD strength. The data in Figure 4-9B^ wasLiised to arrive at the design criteria 
shown in Figure 4-9A. Two changes have been made to allow use of the relationships in 
desi^. One is tlfat there is a maximum ammonia nitrogen concentration for which the data 
is considered valid. This concentration is generally 1/5 to 1/10 the influent BOD5 
, concentration. .When the ammoni% concentration, exceeds these maximum ammonia 
nitrogen concentrations on the appropriate 'BOD5 curve, it^has been recommended that the ' 
design curve be use^ which is rated for that ammonia concentration.^^ The^i^qond. change 
made' in Figure 4-9A is the identification, bf a region of unstable nitrification; that is, a 
region of hydraulic loading where either a sUght change in the hydraulic loading or influent' 
BOD strength could result in a displacement of the nitrifying population. It is considered 
advisable to stay out of that region even during daily peak flow conditions.^^ , 

■\ 4.4:2.2 Effect of Temp'erature 

Investiga1;ors at Rutgers University^^ found that the nitrifying capability of the discs ^as 
relatively constant in a temperature range from 15 to 26 C. Simliar results were obtained by 
Antonie^^ who has found no effect of tempera,ture above 13 C. Temperature correctioil * 
factors derived from pilot data are sho^n in Figure 4-1 0.^^ These correction factors should 
be. used to -.reduce the design hydraulic loading determined in Figure 4-9A for any 
wastewater temperature lower than 13 C. * , 

4.4.2.3 Effect of Diurnal Load Variations : v 

.Erecise^^idesign critaria,iot>handlihg..load..Aganations>in.>RBR.unit&iiave>i^^ 
The concern has beei> that high BOD*; concentrations would break through to the last disc 
stage during peak loads and would cause displacement of nitrifiers from that stage. While 
firm design recommendations have been made, there are two general approaches 
available. Qne is to arbitrarily derate the surface hydraulic loading to the dist to ensure low 
BOD loadings at all times. This will result in a larger, amount of rotating surface area. The 
other is to install flow equalization to reduce the peak to average flow rati 0.^3 



^ - nGURE4-9 ; 

EFFECT OF BOD5 CONCENTRATION AND HYDRAULIC LOAD ON 
NITRIFICATION IN THE RBD PROCESS (AFTER ANTONIE (53)) 
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ioo 



ki 
U 

0. 



95 — 



90 



O 

Uj 
Q: 

% 
Uj 

O 
ft 



85 



80 



70 



too 



A. Design Rejationsliip 




NITRIFICATION OF 
PRIMARY EFFLUENT 



( I gpd/sq ft =.4I i/m2/day ) 

I -1 





95 


z. 




Uj 








■ ft: 




Uj 




a. 






90 










2 




0 








Uj' 




It 


S5 


*Z 




Uj 




to 








ft: 








5 


80 






5 




0 










75 







70 



0.5 i,0 t.5 2.0 2.5 

HYDRAULIC LOADING, gpd/sq.ff 

T 



5.0 



3.5 



4.0 




B. Experimental Data 
_ Inlet^ BODg.mgyi 250 150 
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priMary'effluent 

_ Inlet BOD5 = 75 fa 120 mg/l 

O Tallahassee, Flo. 95-120 mg/l 
^ Pewaukee, Wis. 7.5-87 mg/| 
•e Spring City, Pa. 126 mg/l 

--^**2^"-&1oomrJ1iriTtir^^--*^~~^ - — — — 

B Mansfield, Ohia 

-<})■ Washtngtan, Pa. 120 mg/l 

Inlet B0D5« 15^ to 350 mg/l 
— • • Tallahassee , Fla. 150 to ISO mg/l 
A Pewaukie,Wls. 220 to 350 mg/l 
X Luverne, Minn. 175 mg/l 
■'Spencer, lawa 210 to 350 mg/l 
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4.5 Pretreatinent for Separate Stage Nitrification . 

Nitrification facilities have been previously classified in Table 4-1. As can be seen from that 
table, in order to obtain a separate stage nitrification protess, the influent to that process 
must be pretreated to remove organic carbon. Further, the prefreatment must-acl^eve a 
diegree of carbon removal greater than is obtained by priniary treatment alone, irt order to 
reduce the BOD5/TKN ratio to a sufficiently low level t6 ensure a significant fraction of 
nitrifiers in the bioxtiass. Alternatives listed in Table 4-1 include chemical treatment iff the 
primary, activated sludge, roughing filters, and trickling filters. Not listed, but possible, is 
activated carbon treatment in conjunction with primary chemical addition. These 
alternatives are summarized in Figure 4-11. This set of pretreatmeht alternatives is not 
meant to be exhaustive, but merely^Jlhistrative; other flo>^heets are possible. Detailed" 
design of pretreatment steps is beyond ti^Vope. of this manual; however, design procedures 
may be found in the publications referenced in Figure 4-11 and the sources cited on Table 
•4-1: ; ■'■ ' -^^^ :■ • 



The pretreatment alternative adopted may have significant effects on the 
nitrification stage. In this section, some of these possible effects are considered. 

FIGURE4-10 . - 
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4.5. 1 Effects of Pretreatment by Chemical Addition 



Th,e chemical treatment., step may cause significant changes in alkalinity and pH in the 
dpwTistream nitrification stage. Several alternate chemicals are available and their results 



'^N;: ; ; , . • FIGURE 4-1 1 . , ' ■ ' ' 
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When alum ,or ferric chloride is used in the primary treatment stage, both the carbonate and 
phosphate components of the alkalinity in wastewater are changed. Tat>le 4-12 summarizes 
the changes occurring when alum is a&ded to wastewater: Effects of iron addition are 
similar. Since orthophosphate is present in wastewater as HPO4 and H2PO4 between pH 4.5 
and 9.3,5^7'Tratte 4-12 shows reactions ^yith aluminum for both forms. The conip.ound 
HPO4 is measured as part of the alkalinity in wastewaters because 8f the following 
equilibria: 

H+ + HPO| — H2PO4 

This reaction is shifted completely to the right at pH 4.5 which is approximately the 
endpoint titration pH for the conversion of bicarbonate (HCO3) to carbonic acid (H2CG3) 
in the standard, alkalinity determination. Table 4-12 shows that the same amou;it of total 
alkalinity is lost; 'ii^Jgardless of the form of the inorganic phosphorus (HPO^ or H2PO4). 

^. . TABLE^n • 

EFFECT OF ALUM ADDITION TO WASTEWATER ON ALKALINITY : , ' 



H„PGT- form 
2 4 



. AlgCSO^Og^ 4HCO3 +2H2PO^ — 2 A1P0^+3S04 +.4H2^^^^ 

(54 as Al^^) (200 alkalinity(0 alkalinity . / ./ / . 

as CaCO •) as CaCOg) 
(62asP) (62asP) - 
or 3.7 mg of alkalinity as CaCO^ per mg Al"^^ added . ; 

and 0. 87 mg of Ai required per mg P " ' *' 



1. Hydrolysis ■ , ' ' ^, 'i^^^y'^. *^r<- ' ' ■* 

Alg ,(80^) 3 +6 HCO" . + 6 HgO ^ 2 Al (OH)^ ^ 3 80^ + 6 HgCOg ; 

(54 as Al"^^) (300 alkalinity • , " ^ 

as CaCoo) +3 . . ^» • 

or 5.6 mg of alkalinity as CaCOg lost per mg Al added' v/ ' 

■ ' ' . •• • ■-■3 . 
■J ' « ,. ■ « 

2. Precipitation of inorganic phosphorus ,\ • . ^ - . * 

<>■ ' \ ■ " 

HPO^form ' . ' ' ' •* 

4 ■ ■ »■ 

, Alg (SO^) 3 ■ +2 KfCO" + 2 HPO^ — 2 AlPO^ + 3 80 J 4: 2 HgCOg 

(100 alkalinity ' , v ' " ' . 
(54 as Al"^^) (100.a|kalinityr as CaCOs) . ;• ^ ' ^ 

as CaCOJ (62 as P) 

+3 ' * * ■ 

or 3:7 mg of alkalinity as CaCO^, lost per mg Al adde(j 

and . 87 mg Al^^^ required perlng P . . 



As an illustrative example of the results of alum addition, conSideDa case where 10 mg/i of 
inorganic phosphorus is precipitated in the primary stage of treatment. Using a value of 0.64 
mg P removed pet mg of aluminum addedresi^ts in the following aluminum use : 1 ' 



10 mg/L ' I i I 

p = A5S mg/lAl required (total) 

mgAl^ - 

.. ' • ■ . ■ , . . ■ ■■, . ■ 

The aluniinum used in phosphorus predpitation is (Table 4-1 2):, . / , •. 

■^y difference the aluminum used i^^^^^ 



. S 15.5 -8J = 6.8 mg/rAl^?fbrh^^^ 

v; dii^ to hydrolysis is (Tablejvi^l^):' . 



/-V k (5.6 m^g Caco-) ' ;'. . 

• -'Sft^vf . 6.8:: ■. / , , — ^^ 37.4.as CaCO, 



^The ^IkalimtjKlQsr d^^ is fTable 4-12): 



€^^7:; )-.;: -. ■ ;_^v^,^ = 32.2 as CaCO^v 



Thus, a total.alfeaIinitjefes^bt7^^^ 10 mg/1 of P is removed. Thi^loss, 

depending on'-^he -iifjiti^rwdstewif^ to be made up with downstream 

chemicaKadditi6ri :tp :^^y^t:^erse>ei^ pH of nitrification- (see 

Section 4.^1):.-;: -^/x;^ . ■■ ■ ■ 

• On the other fearidUinie.^4^iti^iVl^^ quite the opposite effect of alum. ■ 

The cpnges iri -a^kajinity oc<^ dependent on lime dose (or pH) 

- and the qua«tr.oP^th&^!^ w«St^^ decreases in alkalinity 

with lime tf^tmeiit mkwbe.fchjfi^.55 ^:^^ : . 

Lime. a4ditlon;j^y- aM^ pH of the nitrification stage.3 

Primary effluent after*^:jreatment;i^^^ a pH between 9.5 and 11.0, 

depending oriime dose'-aftdvirjeatmertt r^^ rH is higher than can nonnally 

be discharged or introdu<5?a into ;d0>|p^ units. To reduce the pH, normal 
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practice is to "recartoriate" the high pH primary effluent. Gbnventionally, this inVoh^es'^the 
introduction of gaseous carbon dioxide (CO2) iiito the high pH primary effluent in a 
reaction basin of aj^ least 20 minutes detention time. Typically the carbon dioxide is either 
drawn from refrigerated storage or furnace stack gasd3;jfontaining carbon (dioxide are usey^.. 
The recarbonation steg ,^^^e thought •pf as the conversion of alkdinityOSx^.the hydroxide 
form (0H"~) to that in fe^()i^rbonate^ (HCO3) as follows: ^5 .1, 

Ca(0H)2 + 2CX)2 — ^ Ca(HC03)2 ' 

In many cases there isjjifficient carbon dioxide produced front the oxidation of organic 
carbon , and from nitrification to completely satisfy recarbonation requirements. In a lime 
precipitation-nitrification sequence in California,-' it was found that external carbon dioxide 
reqtiirements-'w)?i'6 minimal ,and only occasionally .required. In this case!, it was calculated 
that approximately two-thirds of the carljph,-- dioxide produced waS>^:derived from 
rtitrification^ while the remaining one-third wfis derived from the oxidation of the orgga?^ 
carbon .remaining in the primary efflueiit Wheri the same process was tried at the EPA-DC 
pilot plant* at Blue Plains, it was found that supplemental carbon dioxide was continuously 
•reqirired^o maintain a neutral pH, This Js because wastewater in the Washington area is 
weaker than in the California case. There is less production of carbon dioxide because there 
are lower concentrations of oxidizable' substances entering the nitrification' Stage at Blue 
Plains. ' 'H . . . • ;^ . ■ ' * v^-:\ ■■ ^ vv^;;' 'V^^'ViV'-" ■ / ; 

The4endertdy 'is^ foi^the-hig^^ the pH^ih. 

the nitrification reactor. Often this effect enhances nitrification rates (see Sebtion 3.2.5j5.)ii^\ 

When lime primary trealment is empldyed, caie must be taken ndt . to mix the primary 
effluent with tiie tiaiurn activated sludge prior tp entry into the nitrifibatiojn tank. The high 
pH of the prmiary effluent raturh activated sjudge mixture would be toxic to both the 
nitrifiei^;and heterotrophic bacteria in th^ return sludge. • 

A concern often expressed is that the phosph^^s removal obtained in a chemical primary 
treatment step wiU be so great as to stafli^6/the downstream nitrifying biomass for 
phosphorus as a nutrient for growth. Actu^y^the requirements for phosphorus in a 
separate stage nitrification system are very low. Typically, organism biohia^s contains about 
2.6 percent phosphorus. This number can be used to calculate phosphorus requirements, as 
in the- following. (example^ Assuine-a case whei]^36.mg/l of TKN are nitrified and 60 mg/1 of 
.BOD5 are removed in a separate nitrification stage. The quantity of biomass grown can be 
conservatively estimated as foUows: (see Section 3.2.7) 

Nitrifiers: 0.15 (36) = 5.4 mg/1 VSS ; 

/Heterotrophs: 0.55 (60) = 33.0 mg/1 VSS 

Total biomass: . 38.4 mg/l VSS 



- The phosphorus reqmred is 2.6 percWoftheVSSfi^^^ . : - . 

..Thus, tbe phosphorus, r^quffement in this example is only 1.0 mg/1 P. In most cases, the 
\^BOD5 and rTKN le\fels' Will be less than given in the example, so that the 1 mg/1 requirement 
cd^ be considered a maxilnum requirement for separate itagenitri^^^ " 

• * ' * ' . ... ,• ' ' 

\t is a relatively simple piatter to manipulate ■.cTiepical doses in the primary so that ' 
oV^i^^^.9^P^°^^ residual^ are sufficient to support biological growth.3 It may be .that low levels^-:;j 
. Vpfvjpfios^ s6vfi€ trace microliutrient removed -by the primary may cause "bulking" in^il'" 

i t^pe nitrification stage.58 Very high Syi measurements were observed 

V^^H^^fn-'^the nitrification stage following lime treatment at the eentral Contra^C 

^ Tre|tmehtTest Fadlity.3 However, it has^ be^ii jfourid thai^ 

'^'''^■0^ very effectively xpritr^^^ continuous low dose- of fchlbri^ td ffi6^^ 

V. withoiit impairn^ent of ;nt^^^^ efficiency. A dos^ of -2 t6:3^1i).^'p^^^ 

. MtVSS per day (2 to. $^^^^^^^ inventory reduced the SVI ifi^G^:^^^^^ 45-80 

; .Hil/e^rh. lb:/day (5 to 7 g/kg/day) caused impairment of 

nitnfij^atiOT^ V. 

r; 4^^ 

The pretreatm'ent alternatives arrayed in Figure 4r 11 provide varying degrees of organic 

■ carbon removal ahead of the nitrification step. Not only is there variation among the 
V' alternatives, but there is possibfe range of intermediate effluent qualities within each 

■ ,v alternative. It was shown in Chapter'3 that high degrees of organic cariBoh removals led to 

the highest nitrification rates. This im^plies that' reactor requirements: diminish with 
increasing degrees ofcarbbn removal in the pretreatment stage. 

Very low levels of organic carbon in the iiitrifiqation process irifluent has differing 
implications for suspended growth and attached growth nitrification reactors. The effluent 
solids from the sedimentation step in a suspended growth sysl:em can exceed the solids 
synthesized in the process.when the level of organics is low. This leads to a requirement of 
continuously wasting solids from Other suspended growth stages (carbon removal or 
denitrification) to the nitrification stage or to increase the BOD of the influent in order to 
maintain the inventory of biological solids in the system, this point is discussed further in 
Section 4.6A • % 

• Low levels of organics in the influent to attached growth reactors caii be* advantageous. The 
synthesis of solids occurring with low levels of influent organics results in V 
solids in the effluent from an attached growth reactor. In some cases this, can eliminate the 
need for a clarification step, especially if multimedia filtration follows or if theje is some 
other.downstream treatment unit such as denitrification. ^ / . 
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4.5.3 Prqtection Against Toxicants . 

AH of the pretreatmentalternatives portrayed in Figure 4-1 1 provide a degree of removal of 
the tdj^icants present in' raw .wastewater. However, the types of toxicants removed by each 
pretreatment stage vary among the altemativ.es^^Chemical priitiary treatment. can be used 
where, toxicity -from heavy metals is the maior problem. Lime primary treatment is one of 
; the most effective processes for remoyarpCl wide range of metals. ^5 Chemical treatjneht is 
; , . usually not effective for removal, x5f :0^^ toxicants, unless it is .coupled with a carl)on* 
adsorption ;.§tep such asi^iji tHe^phya^^^^^ 

pretreatnientS^ternatives (actiyated s^ filters^ pd'tWghingTiltp^^^^^ 

degreei^alipr^^^ exception would-be 

; otgS^t^ill^s^^^ biological oxidat|on,^ =such -as ^ t^^ solvents pefchloroethylene and 

trichloroethyleiip which hav beeif identified as^.toxicants winch can upset nitrification:^ 

Wheih ' materials toxic to nitrifiers .are present in the influent i^w wastewater \ori a regular 
basis, the pretreatment technique most suitable for their rem'oval can be used in the plant 
design to safeguard ^he nitrifying population. The-detennination pf the most suitable sy^t^m 
. configuration need not involve an extensive sampling or elabqrai0 pilot program^ A recently 

developed bench top analysis can be u$ed to $creen alternates.^ ^ The test procedure in.volves.< 
batch , oxygen uptake' tests vising a respirdtneter to measure oxygen utilization. Composite 
wastewater samples are subjected to various pretreatments, e.^g., alum or powdered activated^ 
j; carbon via a jar test pT^/s^ure or to biol6gical*j)xidation by batch aeratibri. Each treated; 

. sample is then split r^nd placed into two respirometers. O respirometer is used as a; 
non-nitrifying control "6y treatment with a nitrification iinhibitor such ^ as Ally thiourea 
i(ATU).6^ The other respirometer is itjociJlated with a small amount of mixed liquor from a 
nitrifying activated sludge pl^b' Differences between^he oxyg^ti used in the control and in 
^ the seeded samlple can be used to'^establiSh batch nitrification rates. At the end of the test;, . 
the respirometer contents are sampled aifd analyzed for the ilitro^en species to coijfirm 
. whether nitrification .toolc .place in the inoculated samples as wey as to check the .control: 
The adequacy ' of tiie. seed used can also , be checked by ^running' an inoculated, 'but 
uninhibited sample, known to contain anmipnia ^nd organics, but no toxicants. . 



Th« batch nitrification rates, determined by the batch procedure, .can be examined; t^ 
determine the pretreatment technique apparently most^ suitable . among th^ options 
examined. Often, soifie of the pretreatinent techniques will result ill little or no nitrification 
\n th6 inoculated sample, indic:a.ting inai^equate removal of the .toxica^t(s).tIft Other cases,, 
the pretreatment techniques willXallow vigorous nitrification.^ln the sample indicajjing good 
removal of the toxipant(s).6^ The^^ particular pretreatment technique that-^is effectiye may 
also indicate the type of .toxic^ntV that is interfering with nitrification and- may' permit 
identification and ^mination of the\"source tributaifyVto the- system. For instance; iflime 
treatment is effective, , the problem mW be a heayy raetal|that can be precipitated by the 
lime. Alternatively, if biological oxidation is ineffective ibut activated j?arboh treatment 
allows nitrification to proceed, then a iiohbiodegradable organic is sUspect Subsequent 
specific analyses can yien be ruh in the idWifiedscategory of' compounds. If the^toxicants 
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cannot be elirii^pated^^^ soiircp - control program, often .4 pilot study of the'^rocesg^. 
identifi^'d;^b^^^;|^^^ can be justified to confjr^^^^ 

Pilot 5tildie^,a^^^^ in determining the abilify of the' mtnfiei^ tiD adapt to the 
toxicants, something ■y:'-f:,-'' 

4.6 Separate Stage NitHfication vidth Suspehdeid Procesjses • . ]' 

There are , many examples, of sepa^J^k^^^^^ processes in. the U.S. (Table 4-1)* 

The initiai development of the. s^pended growth process m^separate stage application was 
oriented to \he isolation of the; operation, of the Carbonaceous, removal.and nitrification 
processes so that eaclj Cdul'd be separately controlled arid optimized.'S By placing a carbon 
; removal system; (originally conceived as a high' rate activated sludge system) ahead, of the 
separate nitrifi'cation stage, the sludge would be enriched with nitrifiers as opposed to the 
marginal population present in combined carbon oxidatiori-riitrification systems. By this 
enrichment process, nitrification, would be expecte^d to,be less temperature sensitive than in 

a combined carlfen oxidatiop-nitrification system. 

- * ' ■ ^ ■ ■ ■ ■ • '• 

■ •• •* /7 ,; , ■ .■• . ■.. • •: 

• First apjplications of the process were in the riortherii portionof the U.S. where low ( < 10 
C) liquid temperatures, were obtained in the wintertime: Subsequently, the system has been 
applied ia moderate climates such, as Florida and Galifomia where some of the other 
advantages of the process have made its application dpsirable. 

4.6,1 Application of Nitrification Kinetic Theory to Design " . ( ' " 

The kinetic approach for design of separate stage nitrification in suspended, growth systems 
is- fundamentally^ related to. the kinetic design approach used for conibined carbon 
oxidation-nitrification, .as >ajas, shown in Section 3.2.7. To date, however, the practice has 
^en to adopt the "solids retention time">design approach for combined carbon 
: oxidatftyrr=nitrification'a^^^ the nitrification rate approach for separate 

stage design. The nitrification rate approach has been based on expefimentally measured 
rates,f>62,63 rather than attempting to relate the rates to fundamental kinetic theory (s^e 
Section 3.*2:7). The theoretically determined nitrification rates are limited in their , 
applicability chiefly because the nitrifier fraction of the mixe,d liquor cannot be accurately 
0 Assessed. Nonetheless, the concepts developed from kinetic theory are applicable even in the 
absence of information about the'nitrifier fraction. v 

, The lolids ^retention time design approach is also directly applicable to many separate stage 
nitri|icatio}l design problems.^ The limit of its applicability is related to the difficulties^ with ; 

. the nitrification rate approach, that is,the yield of nitrifiers grown through nitrification is 
not; accurately known: However, for designs where the BOD5 level ini the nitrification 
influlrit is 30 to 60 mg/1 (or fiODs/TKN ratio is 2 to 3) the/growth\f nitrifiers will 

' generally be a smalljraction relative to the heterotrophic population. Iri this case, the errors 
in* assumption of thfe yield of nitrifiers will be masked by the growth of heterotrophs. For 
th^e cases, the contribution of the nitrifiers to the overall process growth rate may be 
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neglected with the assurance that th^k coijitribul^^ 12/ perceht (Section 3 2^ 

A model which expUcitly conadeisvthe i^^^ to tlie system growth rate is 

availabie which can be used when accurate' yields for nit^^ 

• In situations where the organic carbon is low iif the intluent (BODs/TKN iiatio 0.5 to 
to the nitrification stage, both the assumptions for heterbtrophia and nitrifier yields become * 
uncertain, these low BOD5/TKN, ratio situktions^re usuaUy qases where a well stabiped ' 
secqndary effluent is being nitrified. Residiial BPP5 in these effluents is often :bi61ogiC#^ 
solids rather than residual .raw wasjewiater oiigsm matter. \ The bit^giss yi^ 
nitrification stiage for these cases is less weU defined. This^ l^^^ 

design sludge inventories and wasting schedules^ when using idle solid! tirhe design ^ 

approach. 

In this section, both the solids retention time approach and th0: mtrifii^ation ];'ai^ approach 
are presented. The direct theoreticar interrelationships- of th^ef^pptm^hes; a]^^^^ 
Section 3.2.7, should not be overlooked. W^j V : V^;^ ^ : 

, 4.6.2 Solids Reteiition Time Approach ' V ^ \ ■ V 

The design procedures deveipped in Section 43 are; directly apipUcablQ' to separate^^^ 

nitrification design when the^ BODs/TKN ratio equals or exceeds 2.0. ;A sui^ 

design coricjepts follows. ' ' . \ . ^ ;^ 

4j6.2.1 Choice of Process Configuration; 0^^ 

In general, the favored system for separate stage nitrificatipn is the plug flow :syste 
already shown in Section 4.3.5 that the plug flow process results iaiower efflue^^^^ 
than a complete mix process at tlje same SF^ or alternately^ the same ammoHia l^^^ 
lower SF. The only disadvantage of the process in combined carbon oxidatiori-nitrification 
.applications is the difficulty in supplying adequate d6 in the heaid ^nd pf the system, 
rendering that zone ineffective for nitrification in cases. of low DO; With a cafbpn, rembv^ 
step ahead of the separate nitrification stage, the high oxygen demand at the head end of 
the system is minimized, and less difficulty is found in designing aeration systems that 
ensure adequate DO levels throughout the . nitrification tankis. With adequate DO levels 
throughout the tanks, the fuD advantiage of plug flow kinetics over the kinetics of any other 
configuration is obtained, ^ ^ . 

In cases where a lime precipitatiorv-step precedes the nitrification step, it is ofteri desirable 
to use the carbon dioxide (CO2) produced bj^ the nitrification process fbr recarbonation 
(c.f. Section 4.5.1). Since the process of nitrification will be spread throughoirt the plug 
flow reactor, and rqcarbonation is desir:ed at its head end to avoid pH toxicity, only a 

^portion of the carbon dioxide produced in the process is available for recarboriation at the 

« ■■ ' ■ . ■ • . ■ ■ . ■ ■ • ^ . . 

head end of the process. A solution to this prpblem is to increase the use of e:frtemal carbon 
dioxide.' On the other ]iand, extefnal carbon dipxide usage may be minimized by adopting 



one of tjie .other pr6c€5ss configurations,such as complete mix, that more evenly spread out 
the load throughout the aeration tank, ttereby taking full advantage of the in-process 



4;6.2.2 Choice of the Safety Factor ■ ' V 

The same consideration^ discussed^ in Section 4.3.5.2 are kpplicabl&>^r to separate sludge:^ 
applipq^tions. Diurnal variations ; in nitr^^ load will effect effluent quality in the same 
ijianner as for combined carbon oxidation-nitrification applications. However, upstream' 
treatment steps may moderate the fluctuations in nitrogen load experienced b^ separate 
stagtj liitniHcation processes. While primary treatment and roughing filters have so little. 

.liquid holdup that Httle or no nitrogen load equalization is provided, -this i^ not tfiie„of 
either the activated sludge or trickling filter; pretreatme|^, a of th'ese 

: .alternatives provide a degree of nitrogen load eqUa^^^^ / / " \ 

A typical ammonia load curve for the secondary Veffluenfv from the Ranchb Cordova, 
California treatment plant is shown in Figure 4-i2vThe plant provides activated sludge 
treatment. On the date monitored, .th,e average flov\^ was 1.9 mgcf with a. peak hourly flow df 

'-V-V/ .^^FIGUR£.4-l^ ■ . . ■ 

' ■ '.. . ^^.-''.'V - 'f^ 

RANCHp CORDOVA WASTEWATBfe TREATMENT FACILITY . ' 
^ ^ EFFLUEjsiT AMMONIA CHARACTERISTICS, MARCH 19-20, 1974 « V • 
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3.0 mgd, for a flow peaking factor of 1.6. The ammonia loading behaved similarly with an 
average load of 252 lb /day and a peak hourly load of 379 lb /day for a nitrogen load 
peaking factor of 1.(5. Using the coifcept developed in Section 4.3.3.2, the minimum safety 
. factor a'dopted for a' separate stage nitrification process serving this plant ^ould be 1.6, to. 
prevent signiiflcant ammonia leakage during the peiak hour. 

4.6.3 Nitrification Rate Approach 

The kinetic design approach using nitrification rates places reliance on experimentally 
detennined rates obtained from pilot^tudies: Available' data are summarized in Figure 4-13, 
' plotted 'against temperature. Also shown are two other principal variables that can effect 
nitrification rates, the BOD5/TKN ratio and the mixed liquor pH. 

V In general, the nitrification rates follow the predictions of the theory- (Section 3.2.7). As the 
. temperature rises, nitrification rates increase. The BOD5/TKN ratio strongly influences the 
nitrification rates. Comparing the Manassas, Blue Plains and Marlborough data, it can be 
seen that the lower the BOD5/TKN ratio (and the higher the nitrifier fraction) the higher 
the nitrification rates. Also the effects of pH depression on nitrification rates is apparent 
Particularly interesting is the data from Blue Plains for the air and oxygen system run at 
approximately the s^me pH, but at differing BOD5/TKN ratios. The air nitrification system, 
running at a lower influent BOP5/TKN ratio exhibited higlier nitrification rates than the 
oxygen system running at a relatively higher BOD5/TKN ratio. It is notable that when 
oxygen and air nitrification, systems were run in parallel at the same pH and influent 
.BOD5/TKN ratios,; the same nitrification rates were obtained.^ A further comparison of 
oxygen and dir nitrification is presented in Section 4.6.5. . 

In the absence of pilot data specific to a parlicular situation. Figure 4-13 can be used to 
approximate design nitrification rates. What must be known or (estimated is the BOD5/TKN" 
ratio in the influent, the minimum temperature* for nitrification and Ihe mixed liquor.^^H. In 
essence. Fig. 4-13 is a plot , of experimentally determined values of the peak nitrification 
. rate, as defined in Section 3.2.7 as fqllo^vs; 

- . • ■ 'N = ^N-f (3-31) 

where: r^^ = peak nitrification rate, lb NH^ - N oxidized/lb MLVSS/day, 
,: f = ^ nitrifier fraction, and . / 

■ " peak amiponia oxidation rate, lb NH^ - N rem/lb VSS/day. 

In other words, these rates are determined at values where the DO and the ammonia level 
are not limiting the rate: of nitrification. However, .to be useful for design purposes, the. 
effects of ammonia content and DO should be considered. THe effect of operating DO can 
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be incorporated through the Monod expression for DO. The effect of desired effluent 
amn\onia content can be "considered through the safety factor concept. The use of 
Equations 3-31, 3-2p, and 3-29 yields the following expression for eithfer a complete mix,»or 
plug flow system: ^ / DO \ ' , 



Effluent ammonia nitrogen content can be estimated for a complete mix system'at steady 
state from fhe equation: 

\ ■ _l_ _ • Ni 
• ' SF . Nj+Kn ■,, • . • • • ... 

:i • . • * ' , 

For plug flow reactors, the effluent ammonia content can be estimated* from Equation 4-14. 
Criteria for. establishing *the safety factor are discussed in -Sections 4.3.'3.1, 4.3.3.2, and 
^4.6.2.2. . ' . • 

Once the design value of the nitrification rate is established, the design can proceed in a 
manner similar to the F/M design approach adopted for activated sludge design. The total 
nitrogen lo%d per day and the nitrification rate are used to establish the mass of solids that 
must maintained in the nitrification reactor. The volume of reactor is determine^ from 
the aUowable mixed liquor solids level and the inventory of solids required. The allowable 
mixed liquor level is-^ilifluenced primarily by the efficiency of 3olids-liquid separation 
(Section 4! 10).i^ ^ , ' 

4.6.4 Effect of the BOD5/TKN Ratio on Sludge In\%ntory Coptrol 

' . • . ' ^ ' • 

At Manassas, ^Virginia, Jackson, Michigan, and 'Contra Costa, California, difficulty was 

experienced in maintaining a nitrifying sludge ihyentory when^the influent contained 4ow^^ 

amounts of organics (low BOD5/TKN Tatios).^^^^^^^.Typic3liy^effluent solids fluctuated 

between 10* and 50 mg/1 and the efflu||its contained a good deal^of disper^d solids' that 

were not captured in the secondary clarifier. It has been sug^6sted-that a hlgK fraction -of the 

mixed liquor mi^t be heterotrophic to maintain good bipfloj^culation in a separate stage 

ijltrification system. Since jtlie synthesis of solids in these, systems is often less than the 

^solids api^aring in thg|^fflUent from the system, an unstable condition. can result., Several 

remedies aip Available. At the three locations mentioned, solids from fhe upstream activated 

sludge process wer^ perib^ally transferred to the separate stage nitrification process to 

maintain the sblid3%iventory. gj^ t ^ 

-In other^ases, |fretreallhent ^ps have been purposely chosen v^icfi do not prftvide as high 
a degree of pirbon femoval as activated sludp and therefojie cause greater synthesis of 
heter<Jtrophic biomfe in the nitrification stage. Examples are lime precipitation in the 
primary^ arid^modified aeration ^tivated sludge^ with alum addition. 65 in still another case, 
'10j)ercegtt)f the iMPfanarj^ effluent was bypassed around the activated sludge carbon' rem oval 
step to a sepa^|te stage nitrification step. 1 1 The ^ount of primary effluent bypasfed can 



be varied to precisely control the solids retention time and details of a recommended 
procedure for accomplishing this control can be found in reference 66. . . * V 

. " . ■ " ■ • , ■ . ■ *' . ■ ■ ■ ■ . • ^ ■ • 

4.6.5 Comparison of 'the Use of Conventional Aeration -to the Use .(^f High Purity 
• " • Oxygen . , ' ^ ^y/- ' ' 

A comprehensive study of the effect of pH on covered high purity oxygen nitrification 
systems with comparisons to conventionally aerated systems has recently i)een completed.^ 
High purity oxygen systems typically operate at somewjiat lower pH levels than 
conventionally aerated , systems, and it has been intimated, that this ^wilj r^^^^ ih lower 
nitrification rates and efficiency than conventionally aerated systems, the reason for the 
lower pH is because of the method of . oxygenation in covered high purity oxygen systems^ 
^ As shown in Figure 4-14, the system- uses a covered and staged oxygenation basin for 
contact of gases and mixed liquor. High purity oxygen (90+ percent purity) enters the first 
stage and flows concurrently with the wastewater being treated. The gas is reused in 
successive stages, resulting in the buildup of carbon dioxide released by biological activity in 
the gas and in the liquid. This results In a depressioit of pH. While the plj is also depressed 
by carbon dioxide release in conventionally aerated systems (c.f. Sec. 4.9), the pH 
depression is less than occurs in tlie high purity oxygen sj/stem because evolved carbon 
dioxide is continually stripped from the system by the aeration air. ' 

The work at ^ EPA-DC Blue Plains treatment plant consisted of two carefully controlled 
pilot investigations asVfollows: (1) separate stage nitrification with high purity oxygen with^ 
arfd without pH control and (2) separate stage nitrification by conventional aeratidn and 

' FIGUKE4-14 - ; ' ' ' 

COVERED HIGH PURITY OXYGEN REACTOR WITH ^ \ 
THREE STAGES AND MECHANICAL AERATORS 
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high purity oxygenatioil controlled' at the same *pH level' The purpose of this section is to 
review the salient features of this work as it affects nitrification design with high purity 
oxygen. No attempt will be made to present general high purity oxygen design concepts as 
these-^ covered in the EPA Office of Technology Transfer's publication, Oxygen Activated 
Sludge Wastewater Treattmnt Systeihs Design Criteria and Operating Experience. ^^ 

• 4.6.5.1 High Purity Oxygen Nitrification. With and Without pH Control 

Operational results ate shown in Table 4-13 for a higt) purity oxygen pilotp|ant withoutpH 
control aind a plant with the last of four stages held at' pH . 7.0 by lime addition to the first 
stage. As may be seen from the table, the systerfi with pH control provided an effluent with 
somewhat beitter quality. Lime addition to the pH controlled reactor caused buildup of 
inerts which resulted in better thickening siudge and better clarification efficiency at the 
expense of greater sludge productions^ The effluent ammonia level was somewhiat lower ' 
with pH control, but the difference is not significant when lt is^considered that a chlorine 
dose as: little as 10 mg/1 would be sufficient to remove all traces of ammonia in botR 
wastewaters <c.f. Chapter 6). It should be noted that both systfems were oper^Jted at high 
solids'tetention times and therefore had high SF values. Therefore, differences in effluent 
ammonia levels would be expected to be small. , . , ^ V 

Comparisons of nitrification rates did not present a clear picture of differences between the 
two systems. \However, it was shown that when the pH drops below 6.0^ nitrification 
rates did' decline. However; the.pH generally did not drop below 6.0 in the systeip without 
pH control until the 'lasf reactor stage, but there was so little ammonia remaining to be 
oxidized there that essentiallyv no effect of pH on nitrification performance could be 
discerned. ' V 

In sum, the work at Blue Plains demonstrates that the pH of the nitrification reactor can 
•drop as low'as 6.0 and aUow acclimation of the. nitrification organisms with attainment of 
complete nitrification.. The pH should Adt be allowed to drop below 6.0, except 'perhaps in 
the last reactor stage, and in those cases wljere the carbon dioxide evolution is sufficient to 
cause the pftiddrop below 6.0, pH jcontrol should be implemented. From an organics 
standpoint, effluent /j^uali^es are superior %i the pH cootrpUed System begause of lime 
addition, ana this should be kept in mind when j designing for stringent effluent 
requirenfents. ' i : ^ ' ' 

4.6.5 :2 Cbmparisdn of Conventional Aeration and / ' 

' V High Purity Oxygen at the Same pfl 

Table 4-14 shows the results of a. parallel study of a conVjentiona]' aerated nitrification 
system with a high purity oxygen^ystem; both systems werelield at pH 7.0 in the last stage 
of a four-stage s^^stepi.^ As may be seen from th^^table, the concentration of organics and 
nitrogen species were virtually identical in the two systems. Greater lime was required in the 
high. purity oxygen system than in the conventional system to maintain the same.pH level. 



This greater lime dose resulted ii\ greater sludge production in the oxygen system but also 
improved the sludge thickening properties, allowing the same MLVSS level to be maintained 
in both systems at> higher MLSS level in the oxygen system. Nitrification kinetic rates were 
found, to be the same in both Systems. Choice between the two pH controlled systems 
should be based on economic considerations as the systems are equivalent in other respects. 

TABLE 4-13 . . 



COMPARISON OF PROCESS CHARACTERISTICS FOR 
OXYGEN NITRIFICATION SYSTEMS WITH AND WITHOUT 
pH CONTROL AT BLUE PLAINS, WASHINGTON, D.C. 
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4,8 
• 


75 
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17.1 




tKN * • 

NH4-N \ • ■ , 

NO2+NO3-N , ■' 
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14.9 
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V 13.4 
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0,11 
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2,4 
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.^Dayl = January 1 , 1974 , . 

Dati^ from reference. ' 8 ; while the data are not from .the same time period, data frfim a common time 
period (days 56-85) showed the same trends.. ' 

Based on Influent flow , .' . . 

d 

F/M ratio Is the raUo of the lb BOD5 In the Influent to the actiVjOlfed sludge process and the lb of 
MLVSS Inventory under aeration or oxygenation, ' . '•• 



'Nitrification Inhibited 
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: Irivee types of :attached g^^ processes have been employed for separate stage 
nitrificatibk The dfiifferences'lie in the type medium provided for biologicdi growth. The 
. three tyi^ss i^rpdS^*^^^ the rotating biblogical disc'a^ 

bed ' reactor. '^i'-^' " : .:■ ■■i'-":.." ■ V 



TABLE 4-14 



OF, eONVENTIONALLY, 



CONTROL AT BliXJE PjLAlKS, WASHINGTON, D C. 
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(ip^t of tw(>sta|^ filtration or double filtration preceded the 

'bf ^\yp-stage suspended growth systems for nitrification. In fact, two-stage 
f--^ operation at several military installations during World War 11.4^ Initially, 
';e tric^pifg.filtratio^ to increase the removal of organics 

fclits fToni" l^^^^ filters,' Later, it was observed that under some 

condifefts, th^^^^d sta^^ • 

ptioh application, trickling, filters can foUow a high rate trickling 
iate clarification, or an activated sludge process or any of the other 



Ithas;hefen§i 
prpp0i;do^i 



lia Type ^^nd Specific Surface 

separate stage nitrification applications, the rate of nitrification is 
^he surface, area ex to the liquid being nitrified.69,70 othei; words, 
Sf 'factors are held. constant, the allowable loading rates can be expected to be 
,edia surface are$, rather than to the media volume. ' * 



Sttle biological film ^development has been observed in separate, sta^ applica- 
' '72 As a consequfeace^pluggage of voids in the media and pondingsb^comes of less 
fncern than in cojnbihpd , carbon oxidation-nitrification applications. Media of higher 
f^cifSfc ?urface than ..normaUy employed may be used. Plastic media is characterized bv 
having very high specific surface available while maintaining a high void^io (^<i 90 
percent). The liigh specific slirface area of plastic media allows the trickling filter vdldme to 
be reduced, signiTicantiy red4cing the cost of the distributor arms and the structure. " 



Available types of plastic media are summarized in Table 4-15. Most experience iti^the U.s! 
^Ms been with the /cojrugated sheet module type, rather than with the dumped media which 
just become available.. Media applicable to nitrification applications is commercially 
?^able in si^ecific. surfaces ranging from 27 to 68 sq f^cu ft (89 to 223 m^/m^). 

" .4,7J 

As previously' state^, nitrification rates in trickling filters are related. to the wetted surface 
area of the luedid. Th criterion would be in terms of surface area. 

Unfortiijiatelyi- irifoirnation, on specific* surface is not always available, and volumetric 
loadirig critferia must occasionally be resorted to. . ' 

The., pilbt, study at , the Midland, Michigan wastewater treatment plant provides the, most 
comprehensive set of data currently available on nitrification, with trickling filters.22,71.xhe 
. -mfluent to,, the pijpt plant was well treated trickling filter effiuent with BOD5, SS and 
vammoiiia-N values ranging from 15-20,- 15-20 and 8-18 respectively/The BOD5/.TKN raUo 

■ ' ■ ' ' . ' . ' /' 
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rABLE.4-15. 

COMMERCIAL TYPES OF PLASTIC MEDIA FOR 
SEPARATE STAGE^NITRlnCATION APPOCA jlONS 



'Manufactifire^r ■ 


• s ' Trade . 
■ Name 


Typev: 


.Specific .surface available 
.; sf/cuFft (m^ /m^) 


Envirotech Cora. , Brisbane , 


Surfpac. ' 


Corrugated shcot 
module^ ..■ ■'• 

■ 


. 27 (89) ■• ■ . 


o • r • Uiooancn , . Marietta /■ (jnio 


Vinyl Core 


■ . t orru^ate^'^heet 
modules^* , 
• ■ ,* ■ 


30.5 (100) ; 
45 (148) 


Enviro Development Co. , Inc. - ' 
. Palo Alto, Ca.^ ■ 


Flocor 


Corrugated ^slieet 
modules 


27 (ag) , 
; 40 . (131) .: 


Mass Transfer, Ltd. , Houston,. 
' Texas 


Filterpack 


Dumped rings 


36-^ (118) . 
57 (189) 


Norton Co., Akrb?!, Ohio - 


■ AcUfil ■' 


, Dumped rings . 


27. (89) , 
^ 42 (138) • 


Llunters Corp.', Ft.'^eyers, Fla. 


PLASdek 


Corrugated Sheet 
^ . modules 

■1 ■ ■ . 


. 42 " (138) 
' 68 : (223) 



Formerly available from the Dow Chemical Co,, Midland, MicH. ■ . , . ' > 

■ b ■ ■ ■ 

Under license from ICI, Great Brita-in; formerly available from the Ethyl Corp. , 
Baton flpuge. La. ' - 

■■ ■ ■ ' ' ■ ^ ■ ■ • ■ ' ■ -r 

was 1.1, indicating a high degree of BOD remoyal in the pretreatmen^ stage.' The pilot unit 
was a 21.5 ft (6-55 m) unit filled with Surfpac media. During the 18 moitth project period, a 
variety of climatic conditions were experienced with wastewater temperatures. in the pilot 
unit as low as 7 C and as Wgh as 19 C encountered. X 

The data from the various operating periods for the project have been reexpressed in Figure 
4-1 5 in terms of the surface area required for nitrification and tHe desired effluent ammonia 
nitrogen cor\tent As may be seen, greater surface area is required at low tempprature (7 to 
J 1 C) than hijgh temperatures (13 to 19 C). Further, to obtain ammonia-N contents below 
Z5 to 3.0 mg/1, greater surface area is required than for effluent ammonia contents above 
2:5 to 3.0 mg/1 ammonia-N. 

: ■ ■ • , ; 

When effluent ammonia-N levels less than 2.5 mg/1 are desired, consideration should be 
^ given to using breakpoint chjlorinatiop (Chapter 6) for removing ammOTia residuals rather 
than increasing the surface area of the filter, aS; the cost of removing the last 1-3 mg/1 of 
ammonia becomes very high because of the very much larger trickling filters required. 

Figure 4-15 was developed solely from the Midland, Michigan data. Data are av-ailable from 
two other locations which allow calculatipri of surface" requirements; ?or nitrification.27,73 
Figure 4-1 6 shows surface reaction rates for Lima, Ohio data27 compared with the trend 
lines developed from the Midland, Michigan data. Lesser surface area is required at the Lima 
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EKLC 



location for the same degree of nitrification. This lower surface requirement is chiefly due 
to the higher wastewater temperature, but the fact that the influent BOD5 levels were lower 
may also have .qiused a higher proportion of nitrifiers to be present in the trickling filter's 
;^ surface fBm. In the case of Lima, Ohio, the influent to the nitrification stage is produced by 
a step aeration activated sludge plant • 

.Surface requirements for nitrification of oxidation pond effluent at Sunnyvale, California 
are shown in Figure 4-1 77^ In this case, large quantities of algae were present in the 
trickling filter influent .While the bulk of the algae passed through the unit unaffected,^ at 

FIGURE 4-15 . 
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least 2^ to 40 percent were frappecl and eventually oxid^ This vyW^ 
proporfipn of hfet^ro^tipphic bacteria in the bacterial film, causing higher surfa requirements, 
for nitrification at Siiimyvale, p^ifornia than at Midland, Michigan. ^ 



Available data wltff^feqji^' media i§ ^dre ^arse and ds suiiim^ t^^^^of 
ammonTa oxidized peroinit Rock media is capable of ammonia oxidatitjn at only 15 

to 50 perpent pf the plasUc media rate, on a volumetrk: load basis/Tfie principal rpasorf for 
this is undoubtedly., ft e i^ck^^^ lower specific surface^ although the lower depth of the 
typical rock filter miiy also li'ave^. rol^^^ *; 
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TABLE 4- 16 



fRlPlCATIpN IN SEPARATE STAGE ROCK^TRIGkLiNG FILTERS 
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.., 4.7.13 Effect of -Recirculation . ^ 

An analysis of the MWland, Miclugan data and Lima;'Ohio, data has led to the conclusion 
•^that while recirculatioB' improve?^ 'riitn only marginally on an average 

basis,: the periods with recirculation demonstrated greater consistency (less fluctuations) 
than when no recirculation was IhBployed.^^'^^ -ij^ 

improvements seen with recirculation in combined cairbon oxidation-nitrification applica- 
tions (Section 4. 4.1. 4X leads. to a ^htfral recomm^ation for the provision of recircuiatibn. 
A 1:1 recirculation ratio is considered adequate at average dry weather flow fpr most 
applications. ! ■ 



4.7.4.4 Effluent aarification 

/ Since the organisms are attach'e<i to the mfedia' ixi i^jS^ 

clarification steps are not required in aU cases. In the;rpSsfe^^ Miclugan it v^a^vfdund 

that the effluent solids were approximately: equal to th^^influent solids at 9 to 28 

V This is b^use influent BODs'ieveis were low (15 to 20 mg/l). Wiien influenf BODs^ads 
'weire increased above previous |bw levels, trickling filter effluent solids rose to S^xh^l The 
insertion of clariG^r allowed th^ to be reduced to 19 mg/l. Subsequent multime^ iiltraiion 
aDowed further reduction to about 4 mg/l. ' 
'. . '" .^y * ■ ■' ■ ' ■ • '\ - ■'. ■ 

, . ' 4.7.1:.5 Effect of Diurnal Load Variations • 

Trickling filters used for nitrification, Uke any other nitrification^ process are affected by 
diurnal variations in nitrogen load. The rule of thumb developed in Section 4.3.3,2 can 
likely be applied to trickling filters to prevent high ammonia bleed through during diurnal 
peaks in load. T^us, the amount of suiface area determined from Figures 4-15, 4rl6 or 4-17 
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. / under average daily loading cop diticJns should be rnultiplied by the ratio of ^eak ammonia 
load to average load |6 establidi design surface area. An ■alj^niative would be td provide flow 



equalization. 



FIGURE 4-17 
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^4.7. L^' -Design Example ■ ".•''■:*'^''- .v ' '•'''■■V-V ■•O" "/;." 

As an exaniple.consider a 10 mgd conventional activated slud^ plant that must be u 
to meet efnuent requkeme^ 4;'mg/l.a^monia nitrdjg^^^ and 10 mg/1 suspeaded.solids^n 
an average basifi. the planV js located in' a temperate zone, and the minimum wastewater 
temperature is: 15. C ft^^^ average ieffluent qualities are j mg/1 organic nitr6genj 20:mg/l 
ammonia nHrogen; 15 mg/1 o^^^ a l30P5 ''6f; 25; mg/L Th^ peak ,t6 

average nitrogen -load ratio is 1.9. Consider as one altenlative.a plaSti^^^^ trickling fiitek ' 

' I. Calculate me BODs/TKN ratibr-^."' ; 

^/Bobs/TKN = 25/2^=^-i/l9.■. ; ■ -/J-fy:;^ : 



|ri The closest, set of data based on .'BODs/TKN ratip^arid . temperatoit\ is th^ 

Midiarfd, Michigan (iFigufe 4-15). For an effluent ammohia' nitfpg concentration . 

. = of 4 mg/l at 15 G, the unit surface area reqtti^me^^^^^ 
oxidized/day. • ' " 



3. Calculate the ammonia ^^^^m^^^ Tlie'= following , equation Js 

-.appropriate:' " ^ ■-1',.: . ^ 

■. ■ ^ , . , .Nr=; 8.33,, QCN^-Nj^- ■ '^^^^^ ; ;y ■ • '^i^^l 




, ^where: . NT 5^^^^ ; ■ 

• . ■ Q iayetage daily flow, mgd; \ 

■ :'^d' ^influent NH|iT-N, mg/l ■■ fV^T : 

For-Uiis e«^ple; assuming no change in th6 ofganic mfrogen leVettK^ resulfis:^ 
^ ' Nt = ^.33a0)(2d-4)= 1335 lb/day^; \, . "^^^ 

4. Find the tptal'surface area jequirement under average toad-conditions; Mtjltiply-/ 
. ^iilg the nitrpgen -Oxidized per day (step 3).,by* the unit surface area requirement 



(step 2) results inc , • " ' • : ' . ' V 

Cr,332) (3,800) = 5,061 ,0(50sfWmedia 




5. Consider diurnal peak loading. Qne approach would be to pjrovjde ilow' 
. , equalizati6n. Assume that in thjs cast^ site restrictiojis prevent tJiis; Therefpre," 
increase the surface requirement by the' peak to average nitrbgen IpaW ratio. as ■ 
folloiire (Section 4.7.1.5):- " > , . 



1.5 (5,06K000j = 7,592^000 sf 

6. Choose* a media type and establish media volume requirements. . Effluent BOD5 
and SS are low enough so that fairly high density media can be employed. In this 
instance, a corrugated sheet module media having a: specific surface of 42 sf/cu ft 
^is chosen. Media volume requirements are determinefif by dividing the total surface 
requirement by the specific surface as J 




7,592,000/4^= 480,750 c ulLXM . ^rffe^"'' 

This volume could be provided by a variety of configurations; for instance two 75 
ft dikih'eter trickling filters with a media height of 21 ft would have thfilfiecessary 
volume;W media. Whatever configuration is chosen, the filter shouldn t be less 
than abc^ut 12 to 1.5 ft in height because of the danger of short circuiting.- Usual 
' practice ^is to, consult with the. media manufacturer(s) prioi|tp final selection of 
media^Sihifiguration. * \Jf 



. 7. Establish recirculation' rate: At 10 mgd ADWF, a ^1 recycle is adequate (Section 
4.7.1.3); therefore 10 mgd of recirculation capacity is recommended. 

8. Establish clarification, requirements, ^fllient solids in the nitrification process 
' effluent will be approximately at the influent SS "level, ' 15 mg/1. Therefore, ^6 
> meet a 10- mg/1 requirement, somejoijn of effluent clarification is inquired such 
as dual or multimedia filtration. 

4.7.2 .Nitrification with the Rotating Biological Disc Procei^s ^ ^ ./ 

The rotatihg biological disc (RBD) process, discussed in Section 414.2 for combined carbon 
oxidation-nitrification applicajions may also be applied to nitrifying secondary' effluents. 
The process is constructed as ^ shown in Fig. 4-8, excepting that it may be possible to 
eliminate the secondary clarifier when the secondary effluent being treated has a BOD5 and 
suspended solids less th^Sn ibout 20 mg/1;^^ Under this, circumstance the very low net 
0-pwth' occurring in the nitrification "Stag'e causes the RBD process effluent,^si>ended solids 
to appro^iimately equal ^the influent solids level. If lower levels of suspended solids are 
required, the RBDjprpcess could be followed directly by tertiary fil^jfation without the need. 
Tor intermediate clarification. 

drie manufacturer has announced the , availability of' media especially adapted ; to 
nitrification. The minimal biomass film development in separate stage nitrification 
applications has allowed a 50 percent increase in surface area, of the cgriSigated polyethylene 
media. Standard^shafts were 100,0^0 sq ft (9300 m^) of available surfa'ge area; the new 
media is avai^ble^at 150,000 sq ft (13,900 m^) of surface per shaft. ;%lis results in a 
reduction of on^^flSird in the number of shaft .assemblies required for nitrification, with the 
RBDprocess.74 V . . • ' ; , 



4.7.2.1 Kinetics ' ' ' ' 

The reaction rates x)ccurring in each stage of the RBD pjjgcess treating 3fecondary efHuents 
^lave been analyzed; the correlation between surface r&kdtion "rates and- stagg, (effluent) 
.concentration is shown, in Figure 4-1 8.74 The trend Une' does not reach a plateau value but 
keeps gradually rising because the biomass * developed p* Unit surfacej>is not constant. 
Antonie found that the ampunt of culture developed on the rotating surface increased with 
increasing ammonia nitrogen concentration. ^4 . . * 



A stage-by-stage application of Figj4- J 8 allowed the collection of Fig. 4-\9 to be used 
for design of 4 stage nitrification s7stems,%e most commonfljlmployed configuration. 74 
It can also be employed for other numbers of stages using the relative capacities shown in 
th§ figure. The relative capacity fact©t should be^applie.d to the hyciftilic loading to obtain 
design values for situations wjiere other than*4 stages are employed. 



Very little test data is available*for temperatures below 15'C. For applications below 13 C, 
the provisional recomipendation has been madcthat the , ^temperature correction factors 



FIGURE 4-18 



NITRIFICATION RATES AS A FUNCTION OF STAGE EFFLUENT 
CONCENTRATION (AFTER ANTONIE (74)) 



«0 



lj^2 



f.O 



§ 

\ 

>- 
'I 
Q 

\ 0.8 

QQ 



:^ 
o 

uj 

Uj 
O 



0.6 



0.4 



0,2 



, . ■ . I- ^ — \ — - — T 

o Phoenlpc, Arizona, 22.8 to 27,8 C 
A Madfison , Wisconsin 14.5 to t7.3'C 
D Broword County, Fla., 21 C. 
O MansffeJd , Ohio ■ • 

• Tiffin \ Ohio , 13.9 C i 



4 

« 



h ^' 

0 

o 



0 



Conditions : BOD5 < 20 mg/l/ » =^ 
Lb/day/ioob sq. f t = 
4.85 kg /lOOO sq. m /day 



fO 



12 



14 



16 



18 



^^EFFLUENT AMMONIA NITROGEN CONCENTRATION , mg/l 

■ : 4-70 " . • 



developed for combined carbon oxidation-nitrifldiation' (Section 4.4.2.2) be applied for 
separate stage nitrification. t 

Figurje 4-1 9 may also be used for hour-by-hqiir analysis of the effects of diumal variations in 
flow on effluent quality.^^ This niay tend to overestimate effluent quality goring peaking 
^riods, however. To ensure that severe ammonia bleedthrough does not occur during peak 
load periods, it. would appear prudent to adopt the rule formulated in Section 4.7.1.5 for^ 
trickling filters. Namely, the surface area determined from Figure 4-19 should be multiplied 
by the ammonia nitrogen; peaking ratio to establish the design surface area. 



^ FIGURE4-19 

DESIGN RELATIONSHIPS FOR A 4-STAGE RBD PROCESS 
TREATING SECONDARY EFFLUENT (AFTER ANTONIE (74)) 
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4.7.3 Nitrification wfth Packed-Bed Reactors ' ' 

Packed bed reactors^ (PBR) for nitrification are a comparatively recent development, having 

progressed from the laboratory stage to pilot-scale and commercial availability in period of 
only 5 years.23,24,75,76,77,^^^^ ^ 

Figure 4-20 shows one design.^^^SO a PER consists of a bed of media upon which biological 
growth occurs overlaying an inlet chamber, much as in an upflow carbon column or filter. 
Wiastewater is distributed evenly across the floor of the PBR by baffles, nozzles or,strainers, 
similar to the way backwash waiter is distributed in down. flovy rapid sand filters. The 
wastewater flow is upward, and a nitrifying biological mass is developed on the large surface 
area of the media. 



FIGURE 4-20 



SCHEMATIC DIAGRAM OF A PACKED-BED 
REACTOR (PBR). (AFTER YOUNG, ET AL., REF:77) 
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}. 1 Oxygenation Techniqi^ps 

' ■ ' ' ' ' 

Several meaaiSKllave been employed lor supplying the necessary oxygen for nitrification. The 
earliest work used injection of air into the feed line entering the chamber. A subsequent 



pilot-scale investigation usted a similar procedure, excepting that the air \yas distributed 
across the iPBR floor, as shown \n Figure 4-20 J J High parity oxygen has been used in two 
"alternative pf6cedures.'23,75,76 ify one Jthe oxygen was bubbled directly into th^PBR. In 
the second ^ocedure, the liquid was preoxygenated inia reaction chamber prior»to entry 
into the PER, prQpx^gen^tion is limited to satisfying the oxidaticm of about lOmg/1 
NH4-N due to^Mp solubility of oxygen in water, effluent was recycled at a 2 to 3:1 ratio to 
provide sufficient oxygen for nitrification. - 

• 4.7.3.2 Media Type, Backwashing and Loading Criteria 

♦ . <i ■ : . . ^ •• 

.^Sevejal types of media rf|^e successfully performed in the PER including 1-1.5 in. (2.'5 to 
3.8 cm) stonest 0.5 cm gravel, 1.8 mm (effective size) anthracite and 9 cm "Maspac," a 
plastic^ dumpffi? media manufactured by the Dow Chemical Company, Midland, Michi- 
gan.7ar75, 23,8 1,77 

* 

In the stujdies using the relatively light density anthracite and Maspac where air was injected 
directly .into the PER, no back\yashii)g was found to be necessary due td the turbulence, 
developed in the bed.'^'^ Despite this, tiie General Filter Company recommends that when 
anthracite is used, provision be made for increasing the hydraulic loading in surges for 1 to 2 
hours to about four times the average rate, |with air at a rate of 0.5 to 1.0 scfm/sq ft (2.54 to 
■ 5.08 l/s/m2). The frequency of the sijrging will vary, depending on influent quality and 
flow rate* With the plastic media, the ifirequeiicy of the surging can be reduced considerably 
because of the high void volume, and in most cases^ excess solids' can be withdrawn simply 
by draining or backflushing the unit o^i a monthly or less frequent sche.dule.82 * ^ 

With the gravel media, stan(^d practice was to backwash the reactor at 25 gpm/ft^(127 
l/s/m^) at least three times per week and in some cases daily.^l In the studies with .the 
stone media^^ backwashing was required with both direct and pre-oxygenation. Gravity 
draining at 6. to 20 gpm'/sq ft (30 to 102 l/s/tn^) once or twice per week was sufficient to 
prevent clogging."''^^ 

Data available :fpr formulation of design criteria for PER units are summarized in. Table 
4-17. Oxidation rates" fan in the range" of 4 to 27 lb. NH]|-N oxidized per 1000 cu . ft/day 
(0.06 to 0.43 kg/m^i4ay). Factors -effecting the oxidation rate are the influent qualify 
. (BOD5, TKN and l>(H^rN), tfemperature, and the type of media selected as a biological 
growth surface. Oxidation rates at Pomoi\a, Ca. were much greater than those at Ames, Iowa 
at the same temper?iture, which is very probably dud to the higher EOD5 and lower 
ammonia content of the Ames secondary effluent. Very likely, there was. a higher fraction 
of nitrifiers in the Pomona biofilm. Interestingly, chemically clarified i^w sewag^ (EOD = 93 
mg/1) was compared to secondary efliuerit (CO0 = 46) at Pomona and onl^ 60 percent 



nitrJiicaUpn was achieved 
to produce 



^ . chemically^clarified feed at the aetehtidh time sufficient 

[£e virtually complet^ljfeM the secondary efflueiit 8.1 it is very probable 



thatvjliis reduced efficiency w 
* when*ch6mically clarified was 



sefcl by 



Temperature has a. strong effect on 't|^ 
required relatively complete, nitrifit 
. of temper 4-2 1 is used 

diurnal va^wKAiri tiitrogeh loads. It 



deterriiihed 
design deteni 
diurnal peak cdh{ 



jre 4v? l by the 
This should 



a high^^r fraction of he terotrpjihs being present , 
leing treateAK ■ ^ . : ! . V • 

^y.'-.;ro^;^ :. . .. • 

■dcess: P|^^^ 4-24 shovvs'tbe de ten ti9n time 
at:steady state as a function 
"^PRjV^ttpntion vmust alsp be given tq - 
1%^ multiply' the time 
"7^en }bad riatip «io establish ;the . 
'^j^mpnia' jbleedtlii^ough during ' 



■The media- typei 
insvtance, Table 



Effects the ami^ht .si^fe|^l5fc;3^ growth:; Fop- ; 

^-zm- ^ ^^^^ anthr3|ite:; was--;.^B|^i^o;fNj2sp^^^^ ' ia.. terms ,0/ 
oxidation^ate^^ti^tfep^ this may:be..aue.lG'tl^||^p^ V 

compared te^^algp::;;?^ J j^;' ^-^i -^.^^i^-'K/^'' . ' ■„ 
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Effluent BOD and SS Wels are affected by the type of aeration (see Table 4-17), 
Preoxygenation allows the PER to produce effluents of siihilar" quality to tertiary 
■multimedia 'filtration. Bubble aeration, however, causes -continuous shearing of the 
biological fllm from the media, resulting in lower reduB^i^iof BOD and suspended solids. 
When very low levels of efffluent solids are required;; ^lueilit filtration m be required 
when, bubble aeration is used in the PBR. * . ' * . 

" ^ ' J ■ * ■ ;■• » ■ ■ 

' 4.8 Aeration Requirements X' ' / - / 

• • ■ ■ ' , . . . ■ ■ ■.' y . / 

Care "must be exercised in Resigning aeraWon systfems for nitrification! Unlike BOD, ^ 
ammonia is not adsorbed to the biological floe for later oxidation, and therefore the ammonia 
must be oxidized during the relatively short period it is in .the hitrificatidn reactor.' 
Therefore, sufficient oxygen must be provided to handle the load impressed 'on /the 
nitrification process at- all times.- This problem is..particularly critical when either activated ' 
sludge or a packed bed reactor system is used for nitrification; in the other a-ttached growth 
.systems the aeration is provided as the, liquid spills over the mddia and the design 
considerations relate to proper ventilation rather than oxygen tr^psfgr. . ' , 

Very significant diurnal changes in nitrogen load have been observed. Load variations at the 
Chapel Hill Ireatrffent plant are shown in' Fig. 4-3 and the load pattern would be 
representative of systems provided with no significant in-process flow equalisation. In this 
. case, , peak to average nitrogen load rose, tb nearly 2.2, considerably above the peak >to 
average flow ratio of 1.44. As an example .of a plant with some in-process flow equalization. 
Fig. 4-12 shows the load variations observed in the activated sludge effluent qf the Rancho 
Cordova Wastewate^Tr^tment Plant. In this case the nitrogen peaking is moderated by the 
equalization in qu^^ provided by the activated sludge aeration tanks and secondary 
;clarifiers. The ammonia peJI^o average ratio at 1.63 approximates the flow peak to average 
ratio of 1.57. " • m 

In addition to beingWffected by in-process Aqw equalization, the diurnal variation in 
nitrogen loading is" ^o very sign^antly affected by equalization irfthe wastewater 
-collection system. Large collection systems serving spreadout urban areas have high built-in 
storage providing unintentional flow and quality equalization: This relationship" is indicted 
in Fig. 4-22 where the nitrogen load peaking (expressed as the ratio of the maximum h||fj§; 
load to average load) is plotted for eight treatment plants having no significant in-pfSis 

^equaUzatioq^ There is an interesting relationship between flow peaking and ammonia load, 
peakirtg shown in Figure 4-22. In large plants such as BJue Plaijis plant at Washington, D-C. 
and Sacramento, California a spread out collection s/stem causes moderation of both flow 

^. and nitrogen load peajcing. In the smaller systems, however, without such "flow • 
equaUzation," ammonia load peaking can be substantial; for example at the Central Contra 
_Costa Sanjtary District's (CCCSD) plant an hourly peaking factor of 2.4 has been fneasured. 

• •"^e aeration system must accommodate these changes in loa^s to avoid ammonia bleeding 
ti^rough during the peak load period. The diumal.variations in load can'be quite extreme; in 

( f#ire 4-23 the peak to minimum houriy loads ar? plotted^a^ainst the flow peaking factor. 
(Ratiosashighas 10:1 have been observed. " 
. - • • 4-76 •■ . 
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BETWEEN AMMONIA PEAKING AND HYDRAULIC PEAKING 
FOR :|tUEATMElsrr*LANTS NO IN-PROGESS EQUAUZATION 
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An early decision , must be made during the design process as to \yhat liejyel of pe^iiptf- 
oxygen demanding substances will tie designed for. In addition to"peaking of ammonia or 
organic nitrogen, a concurrent peak may also occUr in the loading of organic substances. If , 
very low levels of ammonia nitrogen are required at all times care must be used to develop a 
statistical base whereby the frequency of peak oxygen loads can be identified. Not only 
should daily peaks be identified, but possibly.those occurring on weekly or monthly bases.; 
Table 4-18 presents an example of such an analysis for the priihary effluent from two plants 
in St.' Louis, Missouri using COD as a measure of oxygen demanding substances since in that 
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particiifar. instanjce nitrification was hot Required. As may be seen, significant departures 
from average conditions occur on a fairly frequent basis. Similar analyses may be justified 
"when designing for nitrification. ^ 

The/extr^ aeration capacity required for handling diumal variations in nitrpgeri load, coupled ! 
with the Jpxtra tankage and equipment required, may dictate in-plant flbw .equalization in 
many instances. The reductions in capital and operating cost of aeraltion tankage-and 
aeration facilities itiust be c'ompared with the cost of^flo\y. equalization to detennine 
applicability to specific cas^; Design procedures for flow equaliza^onla^e contained in 
Chapter 3 i o^^-^f^ri^i^et^^ Design Manual for Upgrading Existing Wastemter Treatment 
Plants,^^ 




FIGURE 4-23 f; 
RELATIONSHIP OF MAXIMUM/MINIMUM NITROCJEN 
LOAD RATIO TO MAXIMUM/AVERAGE FLQW^ 
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TABLE 4-18 



PfiAKING FACTORS VERSyS FREQUENCY OF OCCURRENCE • 
FOR PRIMARY TREMMENT PLANT EFFLUENT • - . 





: V: . ^ • < 

, Bissel Ppint ^ 
ifraatment iH^t. . * 


Lemay . ' » 
Treatment Plant^ ' 


Frequency. of Occurrence 


con load . 
^ peaking 
factor " c 


; afiow;. 
< p p^klnl. ' 


•COD load 
• peakitig, ' 
. \ factor 


Flow 
peakingj^ 
factor 


' • — ,^ ' — ~~ 

4 hours /day . ; 




■ 


j..40 . 

, ■ ■ - ^^ ■ 


• r.20 


. 4 hours/week 


1.72 


1.40'' ^ 






* 4 hours/mohfch 


V 2,02 • 


1.6.0 M ' 


X 2. 35 ^ . 


iVto' 


4 hours/3 months 


2.25* ^ 


1.72' 




.1.88 - 


4 hours/6 months ^ . 


^ ^-40 , 


J 'I'/SO ■ ■ 


' 2i^ 


1.96 



^Data'is from reference 8&; both platits serve the St. Louis area in ki^eJsouri and 
^process about 100 mgd'^each. • . ' ' f * \ « ,.\ ^ .^W 

^^Peaking factor is defined in eacli case as the ratio, of .the 4Sftiour load listecTt^the 
average daily load. " / [ ^ - .V 

4.8.1 Adaptatilify of Alternative Juration SVstems to Dil^l Variations in Load 



Careful consideration should be given^ to maximizing oxygen utilization p^er unit power 
input. In the fice of significant load variation, \hp aerati|pi system should be designed to 
match the load variation while economizing' 'on pov^lr.input. Obviously^- designing the 
aferatipn system to provjd^ for the.maxii^uni hourly demand day would provide 

overaeration the majority of the time with wasteful lo^^^^ - ^ ! 

The available' nieans- for aeration are summarized in Sectio)^r5.3.4 of the Process Desigr} 
Manual for Upgrading Existing Wastewater Tredtrherit M Transfer 
publication.^^ Of the available-aeration devices, the mechiiM^ aeratoi; is least well 

suited to nitrification, applications,.This ik because' they areriji^^ designed to operate at 
fixed speed' and therefore must overaeriate the majority qf th^ day to satisfy the peak 
oxygen deirands. Even when equipped with variable subn^ergerice of the bladp^ the'-^^^ ^re 
.limitedvto matching less than' a 2:1 variation in load^^ at, best:; Tliere fore, unless, flow 
equalization is provided* somewhere in the systejn,; mechanical surface , aera.tdrs are ncit 
capablfe' of matching, variations in nitrogen Toads v^fhout av^rsCerat^^ priixed liquor, 
during a significant pdrtion of the day. ^ : * : ' * 



"k 
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Using diffused air aeration, ratfcs can be easily, n^odulated to clpsgly match the load, 
merely by turning down or sfiiuttingofflj|divijiuai blowers. Thus; the 
can be matched without the necessity of,^ver aerating the mixed.liquor aiitd wastingpower. 
, . Fine bubble diffusers can be^ arranged across the, tanTc 'floor ,90 allowing fairly even 
* . distribution of energy input. Gentler mixing is. providJld than with mechanical ael-ation 
\ plants, providmg less tendency for flpc Ijreaku^^^ . ^ 

Submerged turbine aeration systems are intermediatlm terms of their responsiveness to the 
problem of aeration in nitrification systems. BecaHise of their capability to vary the air rate 
to the sparger, they may be designed to match the load variation in o^ygeri demand.- A 
drawback, howeyer,^is that the impeller normally operates ?rt fixed speed, imparting no turn 
down capability, for a significant, part of th^ power draw. In fact, in some impeller designs, 
, the power dr?w of tlie ungassed iftipeller is actually greater than when gas is fed to the "unit. 

4.8. 2 Oxyjgen Transfer RequiremeShts* V : . - \ . , 

. - Oxygen requircments for nitrificatipn ^lone were discussed in Section 3.2.4, Oxygen 
reqiiirements'in all practical cages are compounded by the oxygen required for stabilization 
ofprganics. > . u " * , ' 

Reasonably exact expressions for oxygen requirements for heterotrophic organisms and 
nitrifiers have been deyeloped,38 The approach, htowever, requires pilot plant data, to 
provjie COD balances and sludge yields.' In general, this information is not available and a 
. simme? approach may be adopted. ' - A - ' ■ 

.7.»-- ■■■■■ ~ ■• . ■ : : . /- 

la normal activated sludge treatment ; when nitrification is not required, the axnpunt of 
^ygen needed to oxidize -the BODs can be calculated by the folfovwng equation • 
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?. -yh ^ygen xequked for carbonaceous oxid^^^ . 



' t Thft^efficfent:^:rel^^^^^ ta t}ie amount of endogenous respiration taking place'and to the 
, typ^< of wastfr being treated. For nontia} muni|:ipaf ^y^stewater, the ^ .vafye wpuld range 
. y >P"^ -^--^ for ^hjgh - rate < Activated sfudge^ exfended. aeration. For 

conventional-activated sludge, systems X can 6e |^en as 1 .0. 



in the case of nitrification/. the>oxygen,peguir^mentTor'oxidi2m^^^^^ be added 

tp th|requifement for SOt) removal. Tlie qoeffjcient for nitrogen to be oxidized. can be 
'conseti^tively taken as 4,6 times theDJCN coatent of the influent (Section ■3.2.4) to -obtain 
■-|en oxygen denied (IsfQTb) and ^e^vajue of X in Equation 4-25 can be assume.d tp 
-imately {.0. In actuafact; s6me of the influent nitrogen will be asSimilafea mto ' 




the biomass or is assci!iaate4 'with refractory organics and^wU hot be oxidized* ■, These 
: assumptions lead to the Collowing oxygen* requirements _ . • ' ' ^ 
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+ NOP- 



' t4-26); 



-where: ; W = ^ the total oxygen demand 5nig/I,aAd, • ' : ; \ v 

• NOD = dxygeh^requked to oxictize a iim^ ■ 



4.5 t^mes the TKI*' 

Sihcfe aeration deyices;; are rated using. . . tap \v;dter at standard cjbnditioo^;^^^^ 
i^vlperforrhMice of .the aerator must be .converted to , actual process conditions by^^ t^^^ 
;::ippU^^^^^ of temperature ' correctioris .by factors des^^ted cii and,^ whSch. relat^^< 
> \^!aste chaxacteristicSs to tap wa - -^ V v< . ; .-^ « 

v*"";-.. ^'"'.r^'' -'-. . v' '^v. \^ 

• Temperature correctid^^^ . c , v* : T ; ' 

.* • : * ^ 1.024^^"^^^ wh^reT,= process temperature in d^e^s G.:; ! 



TKe.oc factor is' the htio Gf oJty^^ ^Wastewater to that in tap water^f|nd is - 



repF^OT by l^e fallowing: ; , . - I 

Kj^a (process conditidin^) 



Kj^a (standard conditioii|sy : 
Values of can vary- widely in industrial waste" treatment appUdations,'^'^ for iiio^t 



niufiicipal jfilants, it will ran^ from'C>^4p to 0.90. '\ 

The/?-falc^6r ^is ratio of ^Jl||l|rgen saturation in Waste to that in t^^^^ sar 
temperamfe. A value" of, 0.95 isrcomrti^^^^ Thus, Jthe .actual amoufit* of oxygen 

required to be transferred (W) csiii^^be de^^iiinfed from the aino\^. transferred under .test 
conditio^s <^0) by the equation: / 



9.2 



where: 



(4^2&) 



W T - oxygen transferred at pro'c^s| conditions;.l^^^ 

• - oxyfgen transferred at standffd^Gbhditions ' ' " * • , ' 
■ , (T = 20 C, D0 = .01 mgflj tai); water),; Ib/aay » ; : 

T process temperature, C ; > ' / . J / : v 
■'^ ^ ^-" 'v t'"'' . "^"^ ■ • -.^ . • ■ • = v 

; = • oxygen saturation in' water at tejnperiature T,^nlg/1 / - 

~ ' profess dissolved oxygen level, mg/l - * . ' r . / 
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The process dissolved oxygen level, C\, musi be set high enough to prevent inhibition of 
nitrification rates (Section 3.2.5.5). Fpr this purpose, a minimum value of 2.0/mg/l is 
recommended; This value is also applicable Under peak diur^ial load conditions,' and the 
practice of allowing the DQ to drop below 2.0 mg/1 under peak load is not recojrimended. If 
the DO were to be allowed to drop below 2.0 mg/1 during peak loatl conditi6ns, excessive 
bleedthrough of ammonia could be expected. 



Using example values for domestic sewage j:oc= 0.9, /?= 0.95, = 2.0, T = 20 C and Cs= 
9.2) in Equation 4-28, the relationship between oxygen^ required under test conditions and 
that required under actual process conditions' is: - ' ' * 



Wo =^1.5 W 



5- 



Wq can then easily be converted to horsepcjwer (hp) requirements fjor mech^iiferJUerators ; 
or to volumetric air flow rates- for (Jiffused air • plants. T)ie latter is accomplished by the^ 
equation: . 



A O 23 0.75 



1 



100 



1440 



^(4-29) 



where: 



= [ air flow, cfm, 

-e^ = aerator rated oxygen transfer efficiency at"stan<lard 
conditions, percent, ^ ' 



air composition = 23 percent oxygen (weight basis), and 
aif density = 0.75 Ib/cf.. ^ 



Applyiifg the above equation and the numbers in the previously stated example to diffusers 
of various efficiencies produce^ air rates of from 1500 to 600 cu ft per lb BOD5 + NOD (99 
to43 m^/kg) corresponding to difftjserefficiencies^f 6 to 15 percent as shown in Figure 4-24. 

Diffuser placement within. the aeration tank Was been shown in full-scale Jests to have a large ' 



effect on oxygen transfer efficiency.^! For 
design and layout, the reader should refer 
Equipment manufacturers. 

Mechanical aerators are commonly rated in 
standard conditions per brake hp (bhp) hour, 



oxygen transfer efficiencies, diffusion system 
to- the literature as well as to air diffusion 



terms of pounds of oxygen transferred at 
Diffusers are rated by their oxygen transrer 



efficiency expressed as a percentage of oxygen supplied. The two can be approximately 
compared by the values given in Table 4-19.9^2 Mechanical surf^fce aerators typically have 
aerator power efficiencies of about 3.2 02lb/bhWhr. 



' Actually measured values of diffused air requirements are summarized in Table 4-20. for 
eight treatment plants. As-may be seen, airjus^ge is within "the range expected frora 



FIGURE 4-24 



RELATIONSHIP OF AERATION AIR.REQUIREMENTS FOR 
OXIDATION OF CARBONACEOUS BOD AND NITROGEN 




500 ^' ] .1000' . 1500 1700 

AIR REQUIRED i CU FT/lB BOD^ -h NOD- • ' 



theoretical considerations for coatse bubble aeration* systems. It should be noted that none 
. of the plants listed in Table 4-20 have automated blower control systeifts Jinked to DQ 
probps. When the Liventiore, California plant staff manually/ adjusted the blower output 
according to the. DO probe reading^ they were able to reduce, the- afr requirement to an 
average for the day of 680 CF/ib BOD5 + lb NOD (42 m^/kg) based on hourly variations in 



TABLfi'4-,1?. 

RELATION OF OXYGEN TRANSFER EFFICIENCY TO 
AERATOR POWER EFFICIENCY (AFTER NOGAJ (92)) 



Dif f u se r oxygen ' ' 
transfer effijciejicy / 
percent • , 
(at standard conditions) 


Aerator power 
efficiency 
. IbO^/bhp^hr 


-1 ' _ 

'■4' . . 


1.23 - 


• ■ ■ 6' • . 


1.85.- . 


8 , ' 


:"■ ■ 2.46i , 


10 . 


3.08 ■ 


12 , 


3.70 
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or ■ 

• load. Thus, it is possible that automated blower operation may reduce aeration 
•requirements. , - 

In addition to determining the total air requirement, attention should also be given .to air 
distribution within the aeration tanks. If the conventional (or plug flow) mode of operation 
is established as the normal operating procedure, the air requirements will be greatest at the 

head end of the' aeration tanks (see Section 4J.5) : • • 

. *• • * t ■ • ■ ■ • • 

'"^ •^ABLE 4-20 

. AIR REQUII^MENTS FOR NITRltlCATION ACTIVATED SLUDGF. PLANTS 





- -^^ Treatment 






Oxygen demand 
distribution, % 


cu .ft/lb of BOD 
■andNOD^ ^ 




■ plant' 

— ' ^— '. c 


Configuration. 


Diffuser type 


■BDD^. 


NOP 


Data reference 


Medford, Oregon / 


Plug flow or . 
stGD aprntinri 


Coarse 
bubble 


73 


'P 


1390 , 


93 . 


Fltnt, Mtchtgan / ^ 

' / 

/'. • • 

/ 

Livermore, Calif. 


Plug flow or 
stop aeration 




65 


35 


1280 


6 


Separate stage: 
■ roughing'bio- 
filter followed 
by nitrification 


Coarse 
bubble 


50 


50 


1250 


' \ . 


Central' Contra Costa 
January District, Calif. 


Separate stage: 
lime followed 
by nitrification 


Coarse 
bubble 


21 


« 79 


1700 ■ 




Jaclcson, Mich. • 

■ -V 


Plug flow 


Coarse 
bubble ■ 


66 


34. 


910 ^ / 


42 ■ 


Hyperion Treatment Plant 
• We St Battery , , 
■ Los Angeles, Ca. 

Wh^ttier. Narrows , 

County Sanitation 
■ Districts, of Los Angeles 
County, Ca. 


Plug flow 
Step aeration 


Coarse 
bubble 

Coarse 
bubble 


61 

y 

> 


39 
41 


' iiebv , ■ 


2- ■ ' • 
• i 


San Pablo Sanitary District 
Treatment Plant, Ca, 


Plug flow; / 
roughing" filter 
followed by | 
nitrification / 

- . ■! 


Coarse 
i)ubble ■ 


59 ■ 


/ ■ 


/ . ;14l6^ 


94 



1 cu' ft/lb = .062 m3/kg /' . ' 

b ' 

Assuming primary effluent BOD5/COD ratio of 0,6. 



During June 1974 when nitrification ruri at design loads / -^-^^j^^i 

4.8.3 Example Sizing of Aeration Capacity ■ " ^ ; 



As a design example, consider s 10 mgd plant; Witlv lime clarifi^^ 

sedimentation stage: ■ 's^ * 
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Given the folloVving primary effluent properties:. ^ ' ' :> 

Design (10^^= 10 mgd. ' ' , , ' - " 

Average'BOD5'load.f=4,1701b/(tay • 
Average TKN load ^.2, 100 lb/day. • - ' . ^ ' .. ' ' . 

Peak/average TKN load ratio = L8 'l . V ■ 
v. Peak/average BOD5 logd ratio 1.5 (coincident |With pe^ TICN load) 

Average load con ditipn; . . - ■ ' 

BOD5 = 4,170 Ib/a^y " ' ' ■ ' ^ 

NOD = 4.„6x 2, 100 = 9,660 lb/day . ; - I ' 

\ ' BOD5 + N0b= 13,83^0 lt)/day . • ; . ' - ■ 

Peak hourly Ipad condition: 

BOD5 = 4,170 k 1.5 = 6,260 lb/day 

.NOD = 9,660x 1.8= 17,390,lb/day '\ \ 

BOD5 + NOD = 23,550 lb/day 



Ratio hour -to average load: i.7' 




For the purposes of this example assume a fine bubble diffused air aeration with a 
, design figure of 725 cf/lb BOD5 + NOIj). ' . . 

* . .' ' : . ■■ ' ■ ' ' ' 

Average aeration requirement: >- 

725 X 13,830/1,440= 6,963 CFM > 
Peak aeration^ requirement: • 

. 725x23,550/1,440= 11,860 CFM 
*' • • ^ 

In sizing plant air^ requirements, separate provision must be made for preaeration, air in 
nyxed liquor and return sludge channels; md air requirements for aerated stabilization in 
•downstream denitrification processes'. 

4.9 pH Control v ' - ' ^ 

The implications of adverse operating pH and its causes have been discussed previously in 
. Sections 3.2.3 and 3.2.5.6. In cases wHere .the alkalinity of the wastewatet will ije depleted 
by the acid produced by qitrification, the natural alkalinity of tke wastewater wiU have to 
;be supplementedx by chemical 'additioh. As discussed in Section 4.5.1, the effects of 
' operation of upstrbam processes on alkalinity and pH must be considered AlUm or iron 

. {' ■ ■ ' ^ . ■ ■ ■ . • • 
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addition tend to deplete .'wastewater alkalinity | wliereasjri some instances lime addition 
if(^eia$es the alkalinity. ' 

9.1 Chemical Addition aftd Doie Contrj^ 

amative (Chemicals, caustic (Na^H) and lime (CaO or Ca(0w3) al-e in predominate 
pH control As linae is jess expensive than^caustic/for tfee same change in alkalinity, . 
generally, be -favored, exceptyn smaller plants. Procedures for the' feeding and 

m ' ' ''' ' ' ' ' ^ ^ /- - ■ - 

Suspended Soiids'kernoVqiy ^ ' 



f these 'diemipals are- describred in two EPA/xechnolpgy Transfer pyblications',! 
Desigfi Mahml for -Phosphorus Removal, wfid Process Design Manual for 



Th^^d for pH adjustment may vary^ diumilly. one case it wal found that an alkalinity 
d^mk occurred daily Qftly f^r several hours at the peak nitrogen load condition.- At other 
tnSHjifiufficient alkalinity was available.^ This ^ndition caused a cyclic va|iation in pH. In 
situations where diurnal variation .ii^ the pH;jdepression may be ency^iintered, continuous 
• on-line monitoring of pH for the purpose of con t/olling. chemical addition seems justified. In 
the case of suspended} growth systems* operated iri th& jplug flow mode, probes may be' 

^ positioned at several points in the aeration basin,- with provision foraddition df chemicarat ' 
several points.62/ in the case of- attached growth syt^ms and 'suspended, growth systems 

" ^operated in the complete mix Qiode, effluent monitoring of pH. wbuld' be the usuial choice 
forcontrollinjgchemical addition to the influent. // ' ;'. ' " . 



4.9.2 Effect of Aeration j^ethod on Ghemical Requu*ements ' r 

- • ,y ; ■. * ' . . ' ■ . , ' . : ■ •. ■. ' . 

Jhe.type of oxygen transfer device, chosen can have a marked effect bn th^ chemical (tose 
'required folr pH control. .As an example, the differences between coarse bubble arid fine 
bubble air . diffusion systems will be examined. -The following equation from bicarbonate- 
caibonic acid e'quilibrium is useful fox estimating the pH level in aeration tanlcs: . . 



/pH =;pK;-log — . - _ 

^ * 1 (HC03) 



(3-9) 



At 20 C, the value of pK] is approximately 638. In using the equation, the alkalinity in the 
aeration tank can be used to estimate the bicarbonate- level (HCO3) and the value used 
should reflect any alkalinity, depletion resulting from nitrification. The level of H2CO3 
(carbon dioxide in solution) can; be estimated from Henry's Law as follows: 



where: 



eq 
H =^ 



P = 
gas- 



C =HP 

eq gas . 

concentration of gas dissolved in liquid at equilibrium, mg/1, 

Henry's Law constant, mg/l/atmosphere/ - 

partial pressure of gas in equilibrium with the liquic}, v 
atmosphere 1 r\ 
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,The Henry's law constant for carbon dijckideW 20 C is 1688 mg/l/ atmosphere. To establidi * 
Cgq for use in Equation 3-9i> the le^i\ of .carbcln dioxide in the aeration air must be 
estimated. In unpolluted atmospherifc airi the partial pressure of .carbon dioxide is only 
about 0.0003 atm. However iti aeration air. carbon dioxide is generated from the oxidation 
of organics and from nitrification, For the mix of organics in municipal wastewaters, about 
one mole of carbon dioxide is' produced \per mole of oxygen consumed. Similarly for 
jiitrification, about one mole of carbon dioxide is produced peir mole of oxygen consumed 
"C^. Section 3.2.2).^ On a weight, basis, fpr e\)ery lb of oxygen consumed about 1.38 lb of | 
carren-Hcfipxide is produced. Equations \^-9\and 4-30 can be solved simultaneously to"/ 
determine the amount of dissolved carbon dioxide in the liquid and the amount present in] 
the gas. as well as the process operating pH. 



, ' TJie, following exampleas illustrative of the procedure. Assume a residual alkalinity of 150 
. . " mg/1 as Cat03-(3 x lOr^ moles/liter of HCO3) and an^^oxygen transfer efficiency of 1/2 
/ . percent, ui^der standard conditions. Equation 4-29 would indicate that 725 ^u ft/lb BOD5/+ 

NOD is required. Assuriie'also that the example conditions given in Section 4.8.3 are used, 
namely that 13,830 lb of oxygen demand are contained in 10 million gallons of Wastewatef; 
'.this allows the calculation tliat 1 ,1b of oxygen demand is contained in 725 gallons. 
Therefore the aeration rate, is 1 cu ft/gal' of wastewater nitrified (725 cu ft/725 gal).. 
Assuming a pH of 7.1 (by trial and error), Equation 3-9 allows calculation of the dissolved" 
' carbon dioxide concentration, arid for this case it is found to be 25 mg/1. Therefore a^'this 
Concentration, 725 gallons contain 0.15 lb of carbon 'dioxide (CO2) of the totals evolved 
('1.38 lb of CO2 evolved/Jb of oxygen)- Equation 4^30 allows calculation of the partial . 
pressure of CO2 in the off gases; the calculated result is 0.0149 atm. This concentiiation, 
plus the volume of gas required allows calculation that the gas. contains 1.23 IbJof carbon. 

dioxide. The total is 'then 1 .38 lb which checks with the expected result. If the total Had hot 

\ ■ . ...... 

been 1.'38 lb, a new pH value level would be assujnied and the procedure tried again until a 
balance is obtained. ' ^ ' • 

Tgble 4-21 presents the results 'fpn a number oxygen transfer effiden^ values, using the 
procedure outlj^ned above. The trends shown are valid for municipal wastewaters, although 
the absolute value of the pH m^y differ sjightly from those indicated due to variation from 
the assumed conditions. - r^- * . ' 

. '• ■ , ■ 1 u 

. . • • ■ . ■ • * \ • 

. • .. . ■ y ■ ■ 1. 

Examining' Table 4-21, it can be seen, that fine bubble diffuser systems, at high oxygpa 
transfer efficiency, will operate at lower operating- pH levels thaii coarse ljubble diffusers; 
' operated at lower oxygen transfer feffifcifincies. (If the same operating pH is to be 
maintained; this will tran^ate into higher chemical doses fpr fine bubble aeration systems. 
For instance, Table 4-21 shows that if the residual alkalinity is 100 fTig/1, a pH of 7.0 can be 
• maintained with a » coarse bubble aeration system rated at 9 percent efficiency under 
standard '.conditions. For a comparable fine bubble system rated at 18 perpent under 
standard conditions, the residual alkalinity would haye to be raised to hSO mg/1 as CaCo| ta ' 
maintain .the pH at 7.0: This would require an extra lime dose of at least 28 mg/1 as CaO. 
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. TABLE 4-21 



EFFECT OF OXYGEN TRANSFER EFFICIENCY AND 
RESIDUAL ALKAllNITY?bN OPERATING pH 



.* . ' ' ■ • • • 

orf- Residual 
alKalimty ' 
;^as CjaCOo^. mg/l ' . 

1 — ' :\. . '' : , - • 


pH at stated ^ . » • 
Operating transfer efficiency, percent^ ' 


Coarse bubble range 


Fine bubble" range' 


6^ 


' 9 


12 


18'' 


/ ' 50 


615 


■ q. 7 


6.6' 


6.5. 




. V 7.1 


6.9 


6.8 


6.7 ' 


A ' 100 • - ' • 


■7.2 , 


7.0 . . 


6.9 \ 


6.8 


1 .125 


■\ 7.3 . 


'7.1" 


7.0 / 


6.^ 


/ 150 - 




. 7.-2 ■ 


.7.1 


/ 7. 0 . > 1 










/ .175 


7.4 


, 7.3 


■ ,7-2 


i 7.o , ' ; 




.. • ' •, 7.5' • 


7V3 ) , 


7.2; 


) • 
7.1 



4t standard conditions 



As an example of th6use bf'Table4-21, presume that it is desired to maintain the operating 

pH level^ at 7.2. Asstim'e' that an aeration system has been chosen which has.' an oxygen 
: transfer efficiency, eo» of. 12 percent; and residual alkalinity of 75 riig/f as- CaC!03, If it, is 

desired to maintain the process pH at 7.2 to prevent inhibition oChitrification fates, Table 
^4-21 indicates that a residual alkalinity of '175 mg/Iis required. The difference between the 

available' alkalinity and the required alkalinity is 100 mg/i as 'CaC03 and this cqiiJd be 
. supplied by a lime dcfSe Qf 56 mffll (as CaO).' ' . • , 

In 'plug' flow systemts, the pH will steadily decline from the influent end . to th^ effluent end, 
following the similar declifte in alkalinity pccurring due to nitrification. Thfe 'most severe .pH 
depression will he at the effhient end, after the bulk of the nitrogen hais bfeen^ oxidized. 
^Complete mix systems, on the other hand, will be uniformly depi^ssed in pH tKroughout 
' the tank because of the uniformity of aeratipti tank contents. This is- a disadvantage^ for 
nitrificatipn with complete mix activated .sludge^ "cor^pared to plug flow as 'tjie pHf of the 
entire' complete ryix tank will be the same as-the pH.at the effluent ejnd of the plug flo>y 
tank *at the same oxygen tran^|fer efficiency, • 

The |^r?.ceding discussions about the effect of eafbon dioxide evolution*' in i-pperating pH in 
the aeratior\ tank are not appHcable to cases where nitrification follows- lime treatment/ In 
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these cases, 4he carbon dioxide that is evolved is used in jrecarhonation reactions and very 
little enters the aeration air (c.f. Section 4.^:1). . ^ ' 

,; ■ r ' . > ; >^,- >^ . ■ ^ ' : . 

4J0SoHds-Iiquid' Separation > 

, • % ' ' '* ■ ■ V . . * 

.In all sti^e^ded growth systems and in most attached growth systems, th5 nitrification stage 
lifftisj^^e foUoy/ed with a solids removal stage. Because of the complexity of the solids-liquid 
separation problem, full con^ideratiorrpannot be^^ven to ft within the scope of this manual 
;Rathej^a brief revie>Y of the. problem is given with referen,ce to the pertinent literature. 

In some attached growth nitrification systems, multiriiedia filtration is provided foUowmg 
the nitrification stage a§ the ♦level of effluent, solids is low.^lSesdpi criteria for multimedia 
filtration '.are presented in the EPA Technology Transfer PubUfcation, H^a5/ewa/er^^^^^^^ 
besign Considera^ions.^^ General design criteria for secondary sedimentation as well ia$ 
multimedia filtration applicable to nitrification processes *e ;presented in the^Process Design 
Manual for Upgrading Existing Wastewater Treatment Pkn^^^^ f 

• ' * . ■'. .']'■%■ 
In suspended growth systems, there is a strong interrelationship between, operation of the 

secondary clarifier a^i operation of the aeration basin. The degree to which thife return 

sludge can be thickened will.affect the allgw^ble mixed liqubr in the aeration tank and v 

therefore the size of the aeration tank, Dick and coworkefs have presented design 

relationships which are useful for analyzing clarifier-aeration tank interactiqns.98,99,100, .r 

Consideratiori'' of seVeral factors is required when designing secondary sedimentation tanks! 
Mediani'cal design of the . taiA is very important. Inlet turbulence must not upset ^^le tank ; 
an energy dissipating inlet vk^ serves' the purposes of distributing the flow, equally across 
the,, tank and of. providing foj some mild tur'bulerfce to help aggregate the 'fin^lji: divided 
solids int&'floc and increase W separation efficiency. Effluent launders must-be sized. and 
placed so that Xrrents are not created that will upset the. tank and cause short-circuiting of 
the sQlids to the effluent The tank must also have sufficient depth to allow a slmdge blanket 
to form under all conditions, ■•es^pecially under |those ponditions. which occur when the 
system operation is limitfcd by the ability to" ojjtain a specific return activated sludge 
'concentration. Overflow rates must not be so great that sludge is^suspended in the "up/low" 
and carri^^d over the -weirs: LasWy^ the sludge must be quickly removed from the tank to 
minimize the dcurrenoe and duration of anoxic (zero DO) conditions.- 

The rfature of the biological solids developed in suspended growth systems plays an 
. important role in the operation and- design of the secondary sedimentation tank; First, the 
abilrty of the mixed liquor to be clarified will affect the size of the inquired sedimentation 
tank. .;This property is dependent on the extent of d^erson.of^^^^^ biological solids. If a 
large proportion of /the biological solids are finely divirod, the separation efficiency of t>iese 
solids will be poor. If, however, only smalf^ portion's of the biological solids are ^cUspersed mid 
the bulk is incorporated into floe, the separation efficiency of the mixed liquor should be 
high/ Consolidation of the small disperse^ particles into the large' floe to improve effluent 
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. - clarity can be eifcouraged by a number of techniques. Chemical coagulatign of the dispersed 

> ,soUds has been successfuUy^emplb'yed.to enhance the flocculation pf biblogical'solids.lOl" 
■ Physical conditioning of the activated" sludge floc-^-prior- to secondary sedimentation is 

- another technique which can be used with or without chemicals. It.has been found that by 
incorporating mild turbulence beweeen the oxidation tank and |he seconflary sedimentation 
tank, effluent clarific^fion can be enhanced. 102 Mild , turbulence can be conveniently - 
accompUshed by using 'mild .aeration in transfer * channels and j by .incorporating energy-. 

:\ ' dissipating inlet wells in cicculat secondary sedirnentatiori tanks. - 

• •• The thickening qualities of the s'ludge will determine the required area for sludge thickening 
J;!, irf the tank.^ilepending on the desired or optimal MLSS or Return Acftivated Sludge (RAS) 

> Idvels. The limiting design consideration for thickening is usually at peak wet weathfe/flow 
(PWWF)^ for it is uYider these conditions that the solids loading on the secondary -Sediintfl^' 

■;: lion .tanks are the greatest. Secondary sedimentation tanks must be sizdd such that mS 
-I vUquor solids are -hot lost in the efflyent 'during PWWF conditions. Polymer feed facilities' 
;* • are appropriate to allow short-term polymer dosing dufing wet weak -peak load conditions to' 

- ' enhance the thickening qualities of the sludge. "■ - 

Thickening qualities' will decrease and sedimefitatipn tank area requirements \vill increase 
<v' when waste^er' temperatures decline^ Figures 4-25 and 4-26 show the effect of. 
p.- ,tempQl-at,ure on three different oxygen activated sludges and the temperature trends would ' 
■ be expected to be similar for air activated sludges. In sedimentation tank design, sofid's ', 
;. ■ loadings should reflect the minimurn wastewater temperatures expected. When temper.atures 

decline the mixed liquor levels that can 'be maintained under aeration also 'decline .due to .I'he 
.J-;^ deoreased level of thickening that can be obtained in the sedimen'tatfon ta , . , 

^^'"^ sludge caused by denitrification in secondary clariflers has occasionally plagued 
. ' nitrification •o'perations. Denitrification occurs becausi^the organisms in the biologcal- sludge 
the secondary clarifier can utilize nitrate and- nitrite- as electron acceptors to oxidize* 
organic com'^ounds in the kludge layer. The formation of bubbles from nitrogen gas evolved 
1%. jn 'denitrification and'other gasses, such as. carbon dioxide, can then cause flotation. Early . 
^r- experimental work by Sawyer and Bradney l04 and subsequent experimental and theoretical 
^ij. • • Clayfield 1 05 have identified the important parameters affecting denitrification. A 

/ r^,. factor of foremost importance is the presence ofjadequate quantities of jnitrites or nitrates in 
:^ •. the wastewater to .cause bubble formation. In essfence, the dissolved gases in the wastewater. 
■^^ ,^:(nitr&g^n^rbon dioxide, and oxygeh) must be in sufficient concentration so that the sum 
j> ;. of their^3rtiel.^ssures equals or exceeds the ambient liquid pr£s§ure. In the case of'- 
r'; .- Sawyer and Bradnfey^s work, as little as 4-6 mg/1 of nitrate-N c* nitrite-N would cause 
W • - flotation in a gradyatad cylinder, while Clayfield found that 16-V mg/1 .nitrate-N were 
J- ; jieeded to cause" flot^fSan in full scale se,dipentation tanks. Differances bet\yeqn iiWestiga- 
i;.. 'iTtions are in part-due to the greater liquid pressures in^deep sTedfmentation tanks compared to 
v% graduated cyUnders and may also re'flect differing. levels of concentration 6f other gases, 
i. l-'such; as ;ciarbon dioxide. ' , 
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The degree of stabilization of the sludge also has a profound effect on denitrification. It 

• .has been shown that sludges incorporating unoxidized feed organics float more readily than 
J well oxidized sludges J ^4- Temperature is also important its it affects the rate of 

denitiification and therefore affects the rate of gas and bubble foftnation. 1 04,1 05 ' J 

• . • : ' ^ -■ ■ ■ ■ ■ . ' ■ ' 

. . : . FIGURE 4-25 

EFFECT OF TEMPERATURE ON THICKENING PifoPERTlES 
OF OXYGEN ACTIVATED SLUDGE AT MLSS = 4000 mg/1 ' " » 
(REFERENCES 86 AND 1.03) , • 
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FIGURE 4-26 
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EFFECT OF TEMPERATURE ON THICKENING PROPERTIES 
.Of OXYGEN ACTIVATED SLUDGE AT MLSS = 7000 mg/l : • 
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The following conclusions can be drawn about .denitfification in secondary clarifiers, based 
on work done to date :33, 104, 105 (1) Rapid sludge removal can prevent sufficient' time 
being available for nitrogen bubble formation; (2) sludges with low SVI values are. preferable 
as they can be ^withdrawn faster; (3) since the saturation level of nitrogen is greater in deep 
tanks than laboratory cylinders, bubbles will form and sludges will float i faster in, the 



laboratory than in* the field f (4) there is a^inimym concentration of rhtrate nitrogen below 
\which*^ there is in^sufficient nitrogep to cause flotal^on. In weak wasrte waters or for those^ 
-^plants in which nitrification is suppressed,^ sludge flotation will notbccur; (5) a drop-in 
temperature will fedu.ce denitrification rates and inay render rising. sludge a problem only 
under waJm conditions; (6) an equivalent amount of nitrite will pfrdduce flotation faster^ 
than nitrate, becante- denitrification ia more^ rapid when nitrite serves.^as tfie electron 
acceptor rather than nitrate; '(7) a sludge *with low inactivity or low ratfe of denitr^catiori 
//should be less susceptible to flotation. Sludge activityr'.wffl 

suspended growth processes. For insf^ce/separatevSt^^^ nitrification^ sludge is less 
susceptible to flotation than coipbined carbon bxidatidn-hitrification sludges due to the low 
^^^e^;mic\loading on the former process and resultant lower acwity Ayith irespe 
^ oxipatipn and denitrification -in* sedimentation tanks. Among combined carbon oxidation- 
nitrification alternatives) the contact stabilization and step aeration alternatives are most ^ 
^* . susceptible to sludge flotation due to the enhanced possibility in those modifications of * 
• influent organics being incorporated into, the mbced liquor without being oxidized prior to 
the clarificatiqii $tep.' To a iQgser ^egree, complete mix systems are also prone , to sludge 
flotation for\ the same reason.' . s 

■r.\- - . . ■ - . ■ r . : .\ . ■ ■ 

Control measures for preventing floating sludge should be incorporated into the initial plant 

design. Provision of rapid sludge removal (vacuum pickup type) iri"^ sedimentation tank 

\ design can prevent there being sufficient contact time for bubble, formation to occur and 

cause 'flotation. Flexibility in influent^ feed points (e.g.v. aUowing' switching fro^^^ 

aeration to plug flow in >yarm weather periods) can provide the operator with .options in 

process operation that allow him to get. out of difficult operating situations. Provision fiir 

•chlorination (jf the return activated sludge is recommended fdr all. suspended growth 

applications. ' Recent work ^one in California^ has shown that continuous Jow dose 

, chlorination can. be used for? controlling sludge bulking artd deducing the sludgy ^vroiume- 

index^pparentiy, Nvithout impairing nitrification (see Section 4.5.1%^ This allows more 

rapid sludge withdrawal from the sedimentation tanks. Whe^ri nitrification is ^lot required, 

' highef doses, of cfilori|ie cart be used to suppress nitrification and thus avoid flotation. 

. Overdosing chldrine on a slug dose or contijtiuous dose basis shpujd. be avoided, however, as 

it efan cause Increases in ;jhe level of or^aijic^ . . 

•• • ■ ^ " ■ ■ • • *• ' ' ■ \ ' ' • ' * ■ * 

Contol of soUds retenti&n.tinie to values below that which will support nitrification has 

been a procedure that has been occasionally recommended for bases where nitrificalioilis 

not required and sludge flotation is to be prevented. Howeiver, when the DO level or pH is 

, not limiting the nitrification rate, nitrification will proceed at solids detention times ks low 

* as 1.30 days at temperatures equal to or greater than 20 C (Section 3.2.5.4). This renders 
the control pf nitrification impractical with solids retention time cofttrol in warm weather as 
stable operation at spch a loy^ value for the solids retention time would not be possible, It 

. may be possible to suppress nitrification through control of DO to levels < 0. 5 mg/1 and 
• thereby limit the nitrifer growth rate to levelsn;vhich--Tesult in washout of the nitrifjdng 
organisms, but this will require accurate around-^he-clock control of DO. Further, 

^ maintenance of low DO. can cause another operational problem, sludge bulking. . 

■ ■ . •:; ■ ", ,'; • , , ■ ' ♦•93 _ ' ^ . ■■' 
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In selecting nitriflcatioit' as the process for ammonia removal, two kinds of comparisons can 
bcimade. First, \the process can be compared to the physical-chemical alternatives. Second, 
alternative nitrification processes can be 4:ompared. It is emphasizeiS that no single 
alternative will be the best choice for all situations. » « . 

4! 1 1. 1 Cpmparisbn to Physical-Cheijiical Alternatives j 
■ • ■ ' .' * • ' ' ■ ' ♦ 

Several facto^f dictate the chojce between biological and physical-chemical techniques for 
ammonia remoVal. Cost is often the single most influential factor in process choice. 
Ammonia rernQyal via the nitrification [process is widely recognized to be the Jeast costly 
ammonia removal alternative. Unless phosphorus removail is also required, the combined 
cost of lime precipitation-air stripping is normally greater than the cost for nitrification. 
Likewise, breakpoint chlorination and ion exchange are normally, more costly than 
nitrification. ^P^v 

In the majority of situations existing facilities are utilized when treatment is upgraded, 
rather thaf^ construction of wholly new facilities, ^he layout of the existing facDity may be 
more adaptable to one specific alternative of another, In many instances, it has been found 
that biological nitrification has been the process most easily incorporated Into the ut)graded. 
' treatment system. ^ , \ ' 



Very low temperature operation ( < lO^C) may fevor a physical-chemicar process rather 
than a biological process as reaction irates become very low, requiring vQry larfee reactors.' 
Physical chemical* processes are also affected by low temperatures, but to a lesser degree. ^ 

The presence "of cofripounds /toxic to nitrifiers may also dictate againSt th? choice of 
nitrification. Some.toxicants are resistant (e.g., nonbiodegradable solvents) to most forms of 
preti^eatnient. Unless a very effective source control program can be implemented for these 
compound^, deptndiHe operation of nitrification may become impt^ctical. 

4.1 1.2 Choice Among Alteniative>Iitrificatioi^ Systems • ' r'^- 

All o/ the factors described in Section 4.1 1.1 are also factors to be considered in selection 
among nitrification systems. Other factors affecting choice among nitrification alternatives 
are summarized in Table 4-22 as a guide for process selection. Each of these factors is 
considered earlier m this chapter. ^ 

Higher effluent ammonia (1-3 mg/1) in the attached growth effluents than suspended gro^yth 
Affluent is dted as a disadvantage of attached growth systems in Table 4-22. However, 
breakpoint chlclrination* is easily appended to attached growth systems, as the chloripe dose 
for breakpoint is lo>^( nig/1). The addition of breakpoint chlorination puts^ attached 
growth systems on an equaj (footing with suspended growth systems with respecUo^ ammonia 
control. ^ ^ ' ; 4 . 

■ ' v - ■ • 4-94 ' • ^ . ■ : . ' : 



TABLE 4-22 

COMPARISON OF NITRIFICATION ALTERNATIVES 



System Type 



Adva ntages 



Disadvantages 



Combined carbon 
oxidation - nitrification 




3u3pended growth 



Attached growth 



Combined treatment of carison and 

ammonia in a single stage 
Very low effluent ammonia 

possUsle 
Inventory control of mixed/ liquor 

stable due to high BOD^/XKN 

ratio 

Combined treatment of carbon and 
an\monia in a single stage 

Stability not linked to secondary 
clarifier as organisms on media 



No protection against toxicants * 
Only moderate stability of operation 



Stability linked to operation of 

secondary clarifier for biomass return 
Large reactors required in cold weather 

No protection against toxicants 
Only moderate stability of 
. operation • 

Effluent ammonia normally 1-3 mg/1 

(except RBD) 
Cold weather operation" impractical 

in most cases 



4 



Separate stage 
nitrification 

Suspended growth 



• Attache d» growth 



Good protection against most 

toxicants 
Stable operation 
Very low effluent ammonia possible 



Good protection against most 

toxicants * 
Stable operation 
Less sensitive to low" temperatiires 
Stability not linked to secondary ' 

clarifier as organisms on media 



Sludge inventory requires careful 
control when low BOd^AKN ratio 

Stability of operation linked.to operation 
of secondary clarifier for biomass return 

Greater number of unit processes required^ 
than for combined carbon oxidation - 
nitrification 

Effluent ammonia normally 1-3 mg/1 
Greater number of unit processes ^ ' 

required than for combified 
. carbon oxidation - nitrifixiation 



I 



Refinement of process choice may require pilot studies. This is particularly true where 
wastewater toxicity may affect the efficacy of nitrification (see Section 4.5.3). 

A common issue faced by the engineer when dealing with suspencjed growth system design is 
whether to separate the carbon oxidation stage from the nitrification stage or whether to 
provide a combined carbon oxidation-nitrification system."^ In a recently conducted pilot 
study using these systems in parallel at two wastewateir temperatures, 8 C arid 20C, for the 
town of Cheektowaga, New York, it was shown that when the separate nitrification stage 
system was ' operated at the same ^olids retention time as the combined carbon 
oxidation-nitrification system and the same temperature, nitrification effluents of^essentially 
identical quality Were produced J 07 
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The mv6stigators concluded that in most casfe^J^cornbined carbon-oxidation nitrification 
system should be chosen for the following reasj^^®' 

) ■ . ■ ■ _ .. ' 

1. -Use of the biological solid^s retention time concept aSiid controlled sludge wasting make 

the .combined carbon, oxidafljfaSlhitrificatiori system as controH^ as a two stage 
suspended ' growth system. The i.nvestigatoYs did' not agree jwith the often stated 
^» concept that separating the stages leads to more positive control of the. carbon 
oxidation and nitrification functions, as their \experimental study demonstrated quite 
the opposite. . . 

2. The use of combined carbon oxidation-nitrificatiion results in lower sludge quantities to 
be wasted than in a two stage suspended growm system. This is because the first stage 

" (carbon oxidation) operates at a low solids retention time (say ^^- 2 days) which 

results in less solids destru9tion than when lOlor 20 days are'used in t4ie combined 

Qarbon oxidation-nitrification system. This phenomenon has also been observed by 
others. 108' 109 



3. 



4. 



The longer sludge retention times employed in setoarate stage nitrificatioip systems ( 6^ 
= 10 to 20 days) results in improved sludge settling characteristics as compared to high 
rate activated sludge systems (at 0 ^2 days). . . 

A two stage suspended growtljf^ system appears to be more prone to contrql problems 

relating to sludge inventory control. The separate stage reactor's sludge inventory must 

be maintained by shifting inventory from the first stage, or by some other means 

(Seoiion 4.5.2), Further, two sets of sedimentation tanks are required. Sedimentation 

tanks are often the most vulnerable components of the activated sludge system. "Thus 

it, is difficult to envision that the path to increased controllability of nitrifying 

activated sludge should lead to a . doubling of the least stable element in the process 

c^pfiguration, Le.; the clarifier. Rather, if a two stage nitrification system is required, it 

aii^)ears more reasonable to explore the capabilities of a fixfed film nitrification 
reactor:. > 



5. Toxicants affecting nitrifiers present in the raw sewage or primary effluent are often 

cited as a reason to provide a high rate activated.sludge effluent to act as a toxicant 

removal step ahead of a separate stage nitrification unit. First, a detailed evaluation 

may show that in fact toxicity is not a problem. "Secondly, toxic materials might 

better be excluded from wastewater systems by regulation rather than relying on- 

'sacrificial' biosysfems to protect the nitrifying capability of the system. Thirdly, in 

most cases it may become attractive to remove phosphorus in primary treatment by 
the addition of coagulants." ' 07 

These conclusigns are presented in this manual as an excellent basis for consideration of the 
reasons for process selection. In many cases effective counter arguments can.be presented. 
In the last analysis, the process choice miast be made by. the local agency. aod its engineering 
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4xonsultant.or staff. As an example, counter-arguments are listed in the samQ order as the 
arguments previously presented: ' • 

M . The parallel study of carbon dxidatiori-nitrification and t>Vo sludge systems at • 
. Gheektowaga was based primarily on municipal sewage, with only 1 0 percent industrial 
load.lO'Z Situations do exist where significant industrial contributors of organic load 
are tributary to the municipar system. For instance, seasonal canning industries 
tributary to California municipalities treatment plants in- sorpe instances cause 3 to 4 
times the nOnjcanning season organic load at the peak of the canning season. Further, 
industrial w^e production may vary from year to year ^depending on factors beyond 
control or yccurate prediction. In the face, of this unpredictable variation it may be 
^ ' T difficult or uneconomic to design a system for combmed carbon oxidation-nitrification 
y * due to the sensitivity of nitrification to solids retention time. Less difficulty is 
*, " . experienced in designing for high rate activated sludge in a two stage system, as 

•production of effluent of a quality suitable for separate stage ^nitrification is not as 
*■"■'•• • 

' sensitive to load or solids retention time as is nitrification. 

2. The phenomenon of lower sludge pjoduction from a two stage suspended gr6>yth 
system compared tp a combined carbon oxidation-nitrification system is well 
established and -cannot be contested. However, from an energy standpoint, the 
peater sludge production from the two stage system may be an advantage for two 
,^ reasons. First, the lower sludge production of the combined carbon pxidation- 
nitrification system is obtained at the expense of greater power *e?^uirements because 
greater amounts of oxygen must be supplied for the oxidation of solids. Second, if 
anaerpbic digestion is employed and the .gas recovered for useful energy purposes, less 
energy is. available from the digestion process when less solids are produced. However, 
these two factors may be outweighed by the increased cost of ultimate disposal in 
some ckses. * " \ . : - 



3. It has occasionally been found that the longer solids retention times (10 to 20 days) 
alsoresult in sludge settling difficulties. — 

4. With careful monitoring, the separate nitrification stages inventoryrequirements can 
be managed. In some situations where industries are tributary, the inventory contpl 
problem may be easier with a two stage system (see counter-argu^^ 

Two sets of sedimentation tanks do present more control requirements than one^et 
However, if the conditions for tank upset are present when two sets are provided, they 
also can be present for one set. Careful control pf sedimentation tank operation is 
mandatory in either case. 

5. In the (Sse of the parallel study at Oieektpwaga, there was no evidence of significant 
toxicants in the primarily domestic sewage processed.lO^ Sa perhaps. it is natural to 
discount the difficulty in dealing with this problem. ' 

■ . - ■ ■■ / ■ ■ ' ■ . ' : ' ' . 
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The unfortunatevasi>ect of the presence of toxicity in wastewater ig^ that it is often 
ephemeral in pature; i.e., if s. there , and then it's gone. Toxicants discharge^, on a 
con tinuQUs basi§ "are handle \yith . relative ^ase compared to the occasional dump. 
Unless the Bjrpblem is recognized in its earliest stage, the causative aigent may not even . 
be sampledii^y plant personnel, rendering it impossible, to trace. Even if a sample is., 
<rcaught, tt^dh through the* system is- not always possible until the* next 

occurr^fe^; Another aspect of the problem is that the durqps offer no opportunity for 
the^ip^riass to adapt to the toxicant, whereas -if it \yere continuously . pi:esent^ 
adapta^Spn qf the nitrifiers highf - 
• ■.•'*■"•"' ". ' ■ ' ■ • \ ■ ' ■ '. * ■ 

Ifi cases where toxicants are occasionally present, the issue boils down to the need for 
piaint reliability. In cases of discharge to an estuary, or groundwater where mixing in the 
environment causes' dilution of the effluent, occasional process failures may be 
/ accepted-- However, where stringent regulatory requirements, exist or >yhere the water is 
reused and* the water user demands the. consistent performance expected of a water 
■ ;/ utility, some compensation must be made to handle the problem of toxic upsets. This 
may be done by any number of means, one of which is to provide pretreatment via 
chemical addition W by a biological treatment stage* (Section 4.5:3): Another is to 
provide supplemental ^breakpoint chlbrination at tltb dnd of the system. The cost of the 
latter facility is very much affected by the degree of upset in nitrification expected. ' 

In the l^st analysis, the parallel study at Cheektowaga showed that combined carbon 
oxidation-nitrification could be just as; reliable as separate stage nitrification at low 
temperatures (8i C) with a primarily domestic wastewater. '^^^ j^g study provides further 
proof dispelling the. poor reputation that the combined carbon oxidation-nitrification' 
systefn has acquired in the U.S. Its wide^ application in England where it .is coupled with a 
toxicity source control program offers^ditional testimony ^o the efficacy of 'the process. 

Similar lengthy discussions . could be prepared* which present the pros and cons of other 
systems: e.g., rotating, bi^pgical .'discs versus plastic media trickling filters. These 
comparisons^ not only are bt^jond the scope ot this; manual but would not have general 
validity. It is a hazardous tak^to make such ai» attempt as the specifics of individual 
circumstances affect the deciaoi^o a large degree. There is no universally best nitrification 
approach.' Rather, the broad variety^of alternatives should be viewed as a positive situation. 
The fact that there are many alteniatWes makes the task of adapting nitrification iji to waste 
treatment easier, notharder. A myriadNof flowsheets incorporating nitrification are not only 
Vpossible, but economically feasible and vij^th proper design and operation, quite reliable. 



SOS 



< 



4.12 R^eferences 

1. Mulbarger, M.C, 77ie Three Sludge System for Nitrogen *and "Phosphorus Removal 
Presented' at the '44th Annual Conference of the Water Pollution Control Federation, 
San Francisco, CaKfomia, October, 1971. 

2. City of Los Angeles, Califqniia, /O^peno^ TVear;?!^ Plant West Battery Operating 
/?epom. January through March, 1969. ' 

3. Horstkotte, G.A., Niles, D.G., Parker, D.S., and D.H. Caldwell, FullScale Testing of a 
Water Reclamation System. 'mVCV,Ae, m. l, pp 181-197 (1974). 

4'. •Weddle, C.L., Niles, D.G.^ Goldman, E., and. J.W. Porter, Studi6is of. Municipal ' 
Wastewater Renovation for Industrial Water. Presented at the 44th Annual Conference 
. . of the Water Pollution Control Federation, San Francisco, California,' October, 1971. 

5. Lofiin, y^.E.,^ Annual Report, Livermore Water Reclamation Plant, 1970. City of 
, Livermore, California, March, 1971. • 

6. Beckmah, W.J., Avendf,,.R.J., Mulligan, T.J., and G.J. Keihrberger, Combined Carbon 
Oxidation-Nitrification. iWPCVy^Ay'No. 10, pp l9\6A93^ 

■ ■ ■ / ■■ • •; ^ ■ ■ ' , ■ ■ ' - ' 

7. Stamberg, J.B., Hais, A.B., Bishop, D.F., and J.A. Eeidman, Nitrification in Oxygen 
. Activated Shtdge, Unpublished paper. Environmental Protection Agency, 1974. 

5. #Heidman, J.A., An Experimental Evaluation of Oxygen and Air Activated Sludge 
^ • -^Nitrification Systems With and Without pH Control EPA report for Contract No! , 
68-03-Q349, 1975. • 

9. County Sanitation Districts of Los Angeles County, Monthly Op^mting Reports, 
Whittier Narrows Water Reclamation Plant, April^ 1973 to March, 1974. 

10. Greene, R, A., Complete Nitrification' by Single Stage Activated Sludge, Presented at 
the 46th Annual Conference of the Water Tollution Control Federation, Cleveland, 
Ohio, October, 1973. * » 

11. Newton, D., ^d T.E. Wilson, Oxygen Nitrification Process at Tampa: In Applications 
of Commercial Oxygen ^ Water and Wastewater Systems, Ed. by R.E. Speece and J.F. 
Malena, Jr., Austin, T|)c^^^^^^ / 

12. Tenney, M.W., and W.F. Echelberger, Removal of Organic and Eutrophying Pollutants 
by Chemical-Biological Treatment, Prepared for the EPA, Report No. R2-72-076' 
(NTISPB-214628), April,' 1972. ^ 



209 



13. Black, S.A., Lime Treatment for Phosphorus Removal ai the JVew Market /East 
Gwillimbury WPCF. Paper No. W3032, Ontario Ministry, of the Env^^^^ 

• Branch,.May,"l972. ^ . ^ 

*• * • • . . ■ * 

14. . Schwer, A.D., Letter communication to. D;S. Parker - Metropolitan Sewer District of 
Greater Cincinnati, March 9, 1971. . > . 

15. Earth, p.p., Brenner, R.C., and R.F. Lewis, ChemicaUBiolo^ical Control of Nitrogen in 
Wastewater Effluent, JWPCF, 40, Nci 12, pp 2040 - 2a54^(196&). 

16. Rimer, A.e!, and R.L. Woodward, Two Stage A ctivated Sludge Pilot Plant Operitiohs, 
. Fitchburg, Massachusetts. JWPCF, 44, No. 1, pp 101-116(1972). 

17. Wild, re;, Jn, Letter -communication to iD.S. Parker. Briley, Wild and ?^ssociates, 
.Orrtond Beach, Florida, September 9, 1974. 

18. Union Carbide Corporation, *VNOX** System- Study at Town of Amherst, New York. , 
1972.. . ' • - ■ , ■ 

19. Linstedt, K.Di, and E.R. Ber^ntU, Evaluation of Treatmient for Urban Wastewateir 
Reuse.: Report prepared for t|i6 Environmental Protection Agency, EPA-R2-73-122, 

' July^l973. . * . ' ■ 

20. Linstedt, K.D., Letter communication to D.S. Parker. University of Colorado, Boulder, 
Colorado, August 5, 1974.^ , . 

21. Steriquist, R.J., Parker, D.S., and T.J. Dosh, gaff^on OxidatiorirNitrification In 
Synthetic Media Trickling Filters jmCF,46, lioA0, pp-^^^ 

22 Duddles, G.A., Richardson, S.E^., an^ E.F. Barth, Plastic Medium Trickling Filters for 
Biologfcal Nitrogen Control. m?CF, 46, No! 5, pp 937-946 (1974). 

23. McHamess, D.D., Haug, R.t., and P.L. McCarty, Field Studies of Nitrification with 
Submerged Filters. Tfm:F,41,Ko. 2, pp 291-309 (1915).. • / 

24. McHameSs, D.D., and P*L. MdCariy, Field Study of Nitrification with Submerged 
F///e/-. Report prepared for the EPA, EPA-R2-73-^ 

■ ■' ■ , - ■ ■ .■ ' . ■ ■ 

25. Process Design Manual f&r Upgrading Existing Wastewater Treatment Plants. U.S.. EPA, 
Office of Technology transfer,. Washington, D.C. (1974). 

26. Richardson, S.E., PSf/or Plants Define Parameters for Plastic Media Trickling Filt&r 
Nitrification. Presented at the 46th Annual Conference of the Water Pollution Control 
Federation, Qeveland, Ohio, October, 1973^ . ^- ' 

2lQ ■ • ■ ■ 



27. Sampayo, Felix F., The Use of Nitriflcation Towers at Liim, Ohio. Presented at the 
^ Second Annual Conference Water Managemeht Association of Ohio, Columbus, Ohio; 
. October, 1973. ' I ' * T ' 

28.. Brenner, R.C., EPA Experiences in Oxygen Activated Sludge. Prepared for the EPA 

Technology Transfer Program, October, 1973. . - ' \ 

' ■ ' " . .. . ■ 

29. Lawrence, A.W., and P.L. McCarty, Vnified Basis^forSiological Treatment Design and: 
Operation. JSED, Pi;oc. ASCE, 96yNo. SA3rpp 757-778 (4970). /\ ^ ^ 

30. Hanson, R.L., Walker, W.C., and- XC. Brovm, T^rwrton^^^^^^ 

Wastem^f Influent at the Mason Farm Wastewater Treatment Plant, Chapel Hill No. 
.Carolina, RdpoTt No: 13, UNC Wastewater Research Center, Chapel' HillJ N.C, 

February, 19TJ. . . " . 

• . ■ ■ ■ ' *■ - * N • ■ . ;^ ■ ■■ ■ 

31. Lflklema, L., A Model for Nitrification in the Activated Sludge Pro (^ss. ESE- 
Publication No. 303, Department of Environmental Sciences and .Engineering, 
University of Nortji Carolina, June, 1^^^ ^ ^ . V 

32. Poduska, R.A. and J.F. Andrev/Sy^Dynamics of Nitrification in the Activated Sludge 
Process. Presented at the 29th Industrial We^ste Conference, Purdue 'pniversity, 

^^ Lafayette,Indiana, May 1^-9, 1974. . ^ * 

33. Nagel, C.A. and J.G. Haworth, Op^atiohal Factors Affecting Nitrification in the 
'Activated Sludge Process. Presented /at the 42nd Annual Conference of the Water 
^ Pollution Control Federation, Dallas}^exas, October (1969), (available as a reprint 

\ from the CountySanitation Districts of Los Angeles County). . 

34. Murphy, K.L., andKL. Tim^my.Designand Arialysis of faking for an Aeration 
JSED, Proc. ASCE, 93, No. SAS^ pp M 5 (1967). 

is. Murphy, idl)., and B.I. Boyko, I ongitudinal Mixing in Spiral Flow Aeration Tanks; 
JSED, Proc^ASCE, 96, No. SA2;, pp 21 1-221 (1970 . 

36. Metcalf ^d Eddy, Inc., Wastewater Engineering, New York, McGrawHill Book Co./ 
1972. ' - 

*f * ■ ' 

37. Giyer, W. and D. Jenkins, A Nitrification Model for the Contact Sta^ilization^Activated 
Sludge Process. Vfater Research, in press. 

■ ^ ^ , ■ ;.. ; . ■ / . ' " . 

38. Gifler, W. and D. Jenkins, The Contact Stabilization Process-Oxygen^and Nitrogen Mass 
Balances, University of California,^ Sanitary Engineering Resea^rch Lab, SERL Report 
74-2, February, 1974, ^ 



211 



39.' Sawyer, C.N., Letter communication-to D.S. Parker/ January 24, 1975. \ ^ 

4b.. .Sawyer, C.N., Activated Sludge Oxidations, III Facton 

High Initial Rate of Oxygen Utitization^ by Activated Sludge-Mixtures. Sewage Works 
; . Journal, 11, No. 4, pp 595-606 (1939). ^ > ' - ' 

, ^ - . •• ., . ' ^ r . > V .V..: • 

41. County Sanitation Districts pf Lbs Arigeles County, y4 ,ftaA2 for Water Reuse. Report 

prepared for the members of the Boards cyf Directors,^ July, 1963. 

42. - City of Jackson, Michigan, Sewage Treatment' Plant Operating Reports. August, 1973 

to March, 1974. . • • * - ' ■ ' " 

43. Bruce, A.M., and J.C.-Merkins, Further Studies of Partial Treatment of Sewage by High 
7?a/e .S/o/og/ca/F//rrar/on. Water Pollution Control 1973. 

44. ■ Grantham, G.R., Phelps, E.B., Calaway, y-T., and 'D.L. EmeTsor]; Progress Report . on 

Trickling Filter Studies. Sewage and Industrial Wastes, 22', No.' 7, pp 867-874 (1950). 

45. 'Granthain,'G.R-., Trickling Filter Performance at Intermediate Loading Rates. Sewage 
' and Industrial Wastes, 23, No. 10, pp 127-1234 (1951). 

46. Burgels F.J., Gilmour, CM.; Merryfield, F., and J.K.'Carswell, ^va/Mar/on Criteria for 
Deep Tricklii;ig Filters. JWeCF, 33, }^o. S, pplS7-199 

47. Osbdrn, D.E.; Operating Experiences with Double Filtration in Johannesburg. J. Inst. 
ofSew.,Purif.,Part3.,pp 272-281 (1965). ' 

48. Stones, T^, Investigation on Biological FiltY^tion at Salford. Journal of the Institute of. 
Sewage Puriffcation, No. 5, pp 406-417 (-1961). .^ 

49: Mohlman, V.W^ Norgaard, J.T., Fair, G.M., Fuhrman, R.E., Gilbert, J.J„ Heacox, R.E., 
■ , ^nd C.C. Ruchdft, Sewage Treatment at Military Installations.' Sewage Works Journal, 
.. 18, No. 4, pp 789-1028 (1946). 

50. Heukelekian, H.', Tf^ Relationship Betw^n A ccumula'tion, Biochemical and Biological 
Characteristics of Film and Purification Capacity of a Biofilter and a Standard Filter. 

/ Sewage Works Journal, 17, No. 3, pp 5 1 6-5 24 ( 1-945). 

5 1. Brown and Caldwell, 7? eporr on Pilot Trickling Filter Studies at the Main Water Quality 
Co«rro//Vanr. Prepared for the City of Stoekon, California, March, 1973. > 

52. - Antonie, H.L., Three Step Biological Treatment wiih the Bio-Disc iVocm. Presented at 
. the New York Water Pollution Control Association; Spring Meeting, Mantauk, New 

York, June, 1972. . ^ . 

■ - . r .. A- ■■ ■ , . 



53. Antonie/RX., iyi/r//zcfl//o« and Denitrificaiion with thf^BioSurf Process. Presented at ^'^^ 
: V ; the Annual Meeting of thexNew England W.P.C. Association m Kennebtunkport, "Maine, 

June 4 W 2, 1974. ' ' , . . . 

54. ^ Rotahng biological Disk W^^^ Process - Pilot mnt Evaluation, 

Report by the Department of Erivirpnmentdl Sciences, Rutgers University, prepared . . 
for.the Environmental Protection Agency, Project NO..17010 EBM, August, W 

. ' . ■ ■ . ^ . ■ ■ ' ' / , , " " " ■ 

55. 1 Brovm and Caldwell, GcmsultingjBnj^negrs, Lime Use in Wastewater Treatment: Design 

" and Cost Data. Report submitted to the U.S. Environmental Protection Agency, 1 975. 

56. Process 'Design Manual for Carbon Adsorption. U.S. EPA, Office qjgechnology . • 
'Transfer/Washington, D.C. (1974). ■ • . . ' f g; ■ ' 

57. V Rainwater, F.H. and L.L. Thatcher, Me/Aods for Collection and Analysis of Water 

i&mpfe5. Geological Survey Water-Supply Pape^^ 

58. Wood, p.K. and G. Tchbanoglous, Trqc^ Elements in Biological Waste Treatment vv/Z/i ... 
: * Specific Reference to the Activated Sludge Process. Presented at the 29th Industr^i^ 

" ■ Waste Conference, Purdue University, May ^ , v 

59. Eisenhauer, PX., Sieger, R.B. md U.S. Parker, Design of an Integrated Approach to, ■ 
. : Nutrient Removal. Presented at the. EED- ASCE Specialty Conference, Penn. State. • 

University,Pa., July, 1974. ^ " ^ ^ ^ 

♦ 60. . Environmental Quality Analysts, Ipc., Letter .iReport to Valley Community Services 

District, March, 1974. , • ^' • 

■ ■ \ • ■ .. . . ■ ■ - . .•• ■ . 

. 61. Stensil, H.D., Oases Wastewater Characterization Study,, ChdttaHopga Moccasin Bend * 

Wastewater Treatment Plant. Report prepared by Air jPrpducts and Chem^^^ . 

■ 1.975. . ■. ^ ' ■ . ^ ■ ■■■ , ' ' ■ 

t ■ 

. ■ ■ - ■ ' 

62. Sawyer, C.N. , Wild, H.E., Jr., gind T.C. McMahon, Nitrification, and Denitrification 
Facilities, Wastewater Treatment. Prepared for the. EPA Technology Transfer Program, 
August, 1 973. . • 

63. Parker, D.S., Case Histories of Nitrification and Denitrification Facilities. Prepared;for 

theEPATebhriologyXransferProgram, May, 1974. - . 

. . *• ■ ■ ■ . . 

• ■ ' * . ' . ■ ■ ■■,"'* 

^4. Mulbarger, M.C., Private communication to B.H. Caldwell, 1971. 

65. ;Schwinn, D.E.; Treatrnent Plant Designed for Anticipated Standards. Public Works, • 
104, No., I-, pp 54-57 (1973). . 



ERIC 



\6. Wilson, T.E., 'and m:D.R. Riddel, M/roge« Removal: Inhere, Do We Stand? Water and 
WastesEngineering, ll,No. 10, pp 5^^ ^ 

• . • ■ . .\ * ■ 

57.^;^ Wilcox, EA;, 'an^/V/A. Thomas, O^j^gfe^^ H^(is/ewfl/er Treatment 

HSysfemsr, Design^^^eria ancQ)perating^Ey:perience. Prepared for the EPA Technology 
STransferProgram, August, 1973. 

SS/^^orrels^ J.H., and P.J.A. Zeller, Two-Stage Trickling Filter Performance, Se\yage'and 
. '^-Inciustrial Wastes, IS^No. 8, pp 943-954 (1956)! si - : ' ' 

59. ffluang, Kinetics and Process Factors of Nitrificqttoh Qn a Biological Film 

jkeactor. Thesis submitted in partial siatisfiactidn of the recjufrements for the degree of 
: '©octor of Philosophy, .University\f New Yd^ 

•• ■ - ' / ' \ ' - . • ; . " » " 

70. Williamson, K.L. and Mc^^arty^A Model of Substrdte Utilization by Bacterial 
Films, Presented at the 46th Annual |k)nference of the Water Pollution Control ' 

• Federation, Cincinnati ^ \^ 

71. Duddles, G.A. and S.E. Vdchardson, Application of Phstic M^i^ 

, . Biological Nitrification, Report prepared for the Environmental Protection Agency, 
EPA^ R2'73q99, June, 1973. ' ; . 



72. Bruce, A.M., and J.C. Merkens, i?ece«/ Studies of High-Rate Biological Filtration/ 
Water Pollution Control, pp l 13-148 (1970). 

73! Brown and Caldwell, Report on Tertiary Treatment Pilot Plant Studies, ^Prepved for • 

the City of Sunnyvale, California, February, 1975. ^ ■ 

. • '. ' ' ' ■ ^ ' . . 

74. Antonie,:R.L., Nitrification of Activated Sludge Effluent with the Bio-Surf Process. 
Presented at the Annual Conference of the Ohio Water Pollution-Control Association, 
Toiedo,Ohio, June 7-13, 1974. . i v^i 

15. Haug, R.T., and P.L. McCarty, Nitrification with the Submerg^(f filter, JWPCF, 44, p 
:^2086(1972). . , . " ^ ' ^ ' ' 

7^. Haug, R.T.,, and ?.L, McCarty, Nitrification with t^^^ Report 
prepared by the Department of Civil; Engineering,. Stanford University, for the, 
. • Environmental Protection Agency, Research Grant No. 17010 EPM,: August, 1971. 

77. Young, J.G., Baumann, E.R., and D.J. Wall, Packed-Be4 Reactors for Secondary 
Effluent BOD and Ammonia Removal JWPCF, 47, No. l,pp 46-56 (1975). ' 

. . ■ ■ , ^ . 

78. General Filter Co/, fait/or. ?a^ec? 5ec? i?eac/o^ B^^ 




4-104 



2t4 



ERIC 



.79. Mechal&s, B;J., Allen,%P.M. and W-W. Matyskiela^ A Study of Nitrification and, 
■ Denitriftcatioh. A report prepked. for .the- Pederkl Water Quatify Administration, 
■ WPCRS 1,7010 DRD 07/70, July, 1970. ' ' , . , ' ^ ♦ 

80. Young, J.C. and M.C. Stewart, Advanced Wastewater Treatmefit with Packed Bed 
i Reactors. *^tipoTi of the Engineering Researcji Institute, lov^a State University, No. 

ERI-73108, May, 1973. r , ; ^ ' ^ 

81. Gasser, J.A.^ Chen, C.L., and R.P. Miele, Fixed-Film Nftrificafion of Secondary 
Effluent. Presented at the EED-ASCE Specialty Conference, Penn. State University, 
P^, July, 1974. 

82. Kenney, F.R., Letter communication to D.S;; Parker. General Filter Co., Ames, Iowa, 
* September, 1974. f^' ' 

83. -Young, J.C, Unpublished dat^, September 27, \9lA.' \ 

84. Smith, J., Personal communication to D.S. Parker. Environipental Protection Agency, 
Cincinnati, Ohio,. March, 1974. ^ y\ . '. - ^ . \ 

85. Loftin/ W.E., Personal communication to D.S. Parker. City of Livermore, California, 
April,.197Z . 

86. Sacramento' Area. Consultants, Oxygen Activated Sludge Pilot Studies Jor the 
Sacramento Regional Treatment Plant. Repott prepared for the Sacramento ^Regional 
County Sanitation District of Sacramento County^ California, July, 1974. 

87. \Bishbp, D.F.; Personal communiptioji* to D.S. Paricer. Environmental Protection 
' • Agenfy^^^i^^ 

88. Vtiommonwealth Department of Woiks, Australian Capital Territory, Letter^communi- 
■catiori to R.C.Aberley, dated June i;^d - 

89. Metropolitan St. Louis Sewer District and Havens and^Emerson, Ltd., Cost-Effective 
Design of Wastewater TrecHtrHent Facilities Based on Field Derived Parameters. 
Prepared for the EPA, Report No. EPA-/ 670/2-74-062 (PB-234 356), July,' 1974. 

90. Aberley, R.C„ Rattray, G.B. and P.P. Dougas, Air Diffusion Unit. JWPCF, 46, No. 5, 
pp 895-910 (1974). . ^ 

■ . • '.>.'•''•■. ^ 

91. Leary, R.P., Ernest, L.A., and W.J. KatZy Full Scale Oxygen Transfer iStudies of Seven 
Diffuser Systems. JWPCF, 41, No. 3, pp 459-473 (1969). ' ^ 



4-105 • ^ 

215 ■' - N 



92. Nogaj, R.J., Selecting Wastewater Aeration Equipment. Chemical Engineering, April, 



v. 



1972.' ■ 

93. oJy of Medford, Oregon, Sewage Treatment Plant Operating Reports. July, 1974. 

■ ■■■■■■■ ■ ■ -/x ; ; \ ■ ■■. ' - - : ' 

94. San Pablo^tmitary Pistrict, California, Wastewater freatment Plant Operating, Reports. 
June, 19(73, tq July, 1974. T'^l . - • • 

95. Process Desim Manual Jor Phosphortis Rem U.S. EPA, Office of Technology 
Transfer, W^hington,D.C.( 1971). \ 

. \ :• ' ' ' ' v . . : • •• •■ . 

96. Process Design Manual for Suspended Solids Removal, U.S. EPA, Office of Technology 
Transfer, Washkgton, D.C., January, 1975. 

97. Cleasby, J.l/, and E.R. Baumafin, Wastewater Filtr^ion, Design Considerations.' 
Prepared fonthetEPA Tochnology Transfer Program, July, 1974. . 

98. r Dick, R.I. , Rok of Activated Shldge Final Settling Tanks. JSED, Proc. ASCE, 96, No. 

."V SA2,pp 423-4^6 (1970). . . 

■ • *• ■ • . 

'99. Bick, R.l/ and A.R. Javaheri, Discussion of Unified Basis for Biological Treatment 
' \ Design . add Operation by AM, Lawrence and EL McCarty. 'S^El), Proc. ASCE, 97, 
' SA2,ppfe34-238 (1971). 



100. Dick, R.L jHn'd K?W. Young, Analysis of Thickening Performance of Final Settling 
Tanks, Presented at the \27th Industrial Waste Conference, Purdue University, 
Lafayette, Indiana, May 7-9/ 1974. 

101. Tenney, M»W. and W. Stumm, Chemical FloccuJation of Microorganisms in Biological 
WasteTreatment. m?C¥, 31, 1310 (I965):l ^ 

102. Parker, D.S., Kaufman, W.J,, aqd D. Jenkips, Physical Conditioning of Activated 
^ JWCF,43, No. 9, pp 1817'^ 

103. Stamberg, J,B^, Bishop, D.F., Hais, A.B., and S.M. Bennet, iS>5fe;n Alterndtwes in 
Oxygen Activated Sludge. Presented at the 45th Annual Conference of the WPCF, 
Atlanta, Ga., 1972. ^ ' ^ " . 

104. Sawyer, C.N., and L. feradney. Rising of Aqti^ted Sludge in Final Settling Tqnks. 
Sewage Works Journal, 17, No. 6, pp. 1 191-1209 (1945). 

1Q5. Clayfield, GiW., Respiration and Denitrification Studies on Laboratory and Works 
: ■ Activated Sludges, mtcr Pollution Control^London^^ 



-216 



y ■ 



106. Stone, R.W., Parker, D.S.; and, >:A: Cotteral, UpgradmgXagoon Efflymt to Meet Best 
I^acticable Treatment. ?xesented it ^^t^^^ Conferen<!e of the Water 
Pollution Control Federation, Denver, tojor/da, Octpb^^^ 

107. T^wrence, A.M., .and C.G. Brown, Biokinetic Appwach to Optimal Design and Control ' 
of Nitrifying Activated Sludge Systems. Presented ?it the, Annual Meeting o£-the New 
York Water Polly tion Control Association, New York City, January 23r l973.:'\ 

108/. StaHv .f .R:/ ai>Ct' R:H. Sherweod, One Sludge or Two Sli/dge? Water and. jVa|1:'es 
r:En|^i!efing,pv4U^^^ ' . • ^ ' • / • ^• 

109.V Suttpn, P.M:,' Murphy, K.L , and B.E. Jank, Biological Niiro^n; Rerrtoval - The, 
^ -Efficacy of the f^itrififdtion Step. Presented at the! WPCF . Conference, Denver, 
, ■ ^Octoberi.1974, : ; . 



, BIOLOGICAL DENITRIFICATION 

• . ' . ' a . / • • • 

S.Mntroduction 

The process of biological^ denitrification is applicable to the removal of nitrogen front 
wastewater when the nitrogen is predominately jn the nitrate or nitrite form. In municipal 
applications, the' nitrogen in the raw wastewater is primarily present as organic and 
ammonia-nitrogen and first must be converted to<^an oxidized form (nitrite or nitrate) prior 
to biological denitrification. The biological oxidation process used for this conversion, 
nitrification, was described in Chapters 3 and 4. 

This chapter presents design cnteria for several alternative denitrification systems mcluding 
suspended growth and attached growth systems using methanol as the carbon source and 
combined carbw oxidation-nitrification-denitrificatioh systems using wastewater or endo- 
genous carbon sources. The basic chemistry of denitrificatioi? was described in Section 3,3. 

5.2 Denitrification in Suspended Growth Reactors Using Methanol as the Carbori Source 

The suspended growth" denitrification process is a form of the activated sludge process. 
There are several differences between its typical application for organic carbon removal and 
in its use for denitrification. In common is the provision of a reactor, in which the biditiass is 
kept in suspension in the liqOid by mixing. Also provided in- both applications is a^ 
sedimentation tank for separation of the mixed liJiuor solids from the effluent, allowing the 
biomass to be recycled in the system and^lso allowing the production of a clear effluent for 
discharge or subsequent treatment. Twb^ typical suspended growth denitrification systems 
are illustrated iln Figure 5-1. « - 

There* are other a^^alogies between suspended growth iystemp Used for denitrification and 
organic carbon removal. In organic carbon removal applications, dissolved oxygen is 
introduced into the reactor by aeration so that biological oxidation of the organic matter 
can, take place. In the process of carbon^xidation, oxygen is. consumed as the electroa 
acceptor in the oxidation process.^ process of ^^^^ 

methanol) is oxidized with nitrate or serving as the electr<^ acceptor (see Section 

3.3.2),. In denitrification a5 opposed to^gantcs removal, it is the nitrate that is the 
pollutant thlat 'is to be removed and the dirlbon source that is added. In organiqs!re;noval, it 
is the carbon that is the pollutant that- is to be removed and the oxygen thait is added. 
Needless to say, only sufficient carbon (such as methanol) is added in denitrification to 
accomplish the nitrate removal, as excess* dosing causes organics to appear in the effluent 
unless control measures are undertdcert. These r^ dual' organics, if ;:1^^ the effluent, 
wouldTJcW fiOPs and might cmise violation Qfeniu^^^ , ; ; 
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' ^ 5.2.1 D^itrification Rates . \. . 

Currently used 'denitrification rate data for design of denitrification systems are based 
upon work described in references 4, 5, 6, anjd 7. Data from these investigations are' 
summarized in Figure 5-2^ Rather than show individual data pohits, or trend lines, Figure 
5-2 shows boundaries for the data so that the rangeMn variation of denitHfication rates can 
be inspected. Earliest available measurements were those from Manassas, Va.4 which have 
been found to.be considerably higher than subsequent observations at three'other locations. 
The data from CCGSD, Ca., Blue Plains, D C, and Burlington, Canada, all are in reasonable 
agreement with each other, and are all well bplow the Manass^as rates. A possible reason for 

■ ^ ' , . . :. FIGURE 5-2 



QBS^RVED DENITRIFICATION RATES FOR SUSPENDED 
GROWTH SYSTEMS USING METHANOL 




TEf^F>ERATURE , C 



the higher measurojnents at Manassas is that an acid solubilization procedure was employed 
prior to the volatile solids determination, which-may have acid hydrolized .orgj^nic matter 
resulting in low measurements 'of volatile solids (and higher apparent denitrification rates). 
The earlier wod^ at Manassas^ prior to implementation of^ the acid step showed 
denitrification rates closer to the observations of other locations. v 

Laboiratory studies \n synthetic nitrate containing .wastes have shown much higher 
denitrification rate^^an are found in Figure 5-2.10^11 However, the biological solids 
developed in such laboratory systems do not contain the. levels of refractory solids that 
bufld up in practical systems operated under field conditions. Therefore, the data developed^ 
from such laboratory studies are not directly useful in establishing accurate design 
parameters. ' - ' , . 

Conditions maintained. during the field studies may influence field measured denitrifipation 
rates considerably. When the denitrification reactor is .continuously operated close to . the 
^ maximum growth rate of the denitrifying organisms, it is probable that the denitrifying 
activity of the biomass is higher than when the system is operated with a high safety factor. 
For instance, in- studies in Ontario it was found that measured peak, denitrification rates 
were approximately 30. percent greater at a solids retention time of 3 days th^n rates 
measured at a solids "retention time of 6. days. ' 2 Thus, differences in measured rates may 
reflect variations in operating conditions among ;the various locations. ' 

Observed rates in Figure 5-2 are essentially the experimentally determined values of the 
term using the notation presented in Section 3.3.5.2. The peak nitrate removal rate, ^p, 
is the reaction rate when neither methanol nor nitrate* is limiting the reaction rate.. Sub- 
sequent sections show how these peak nitrate removal rates are used in design calculations. 

. ■ ' ' ■ * jS' ' .V 

5.2.2 Complete Mix Denitrification Kinetics " 
■ " ^ -'^ • ■ ' . ■ \ ' . ■ 

The equations presented in Section 3.3.5 are directly applicable to the design of complete 
mix denitrification systems. The design procedure for denitrification- uses the safety factor 
concept' to relate peak nitrate removal, rates, qp, to design nitrate removal rates, qj^. 
Expressed in terms of solids retention tinie, the safety, factor concept is: ; 

-/ ' . - . Vfld ; ' , 

. ^ . . SF = -^ . .• (3-29). 

where: SF = . safety factor, ' 
0^ = solids retention tyme of design,' days, and 

0:^ = minimum solids re^tention time, days, for 
^ denitqllcation. " ' , ( 

^ ..- . , V •■ \ . 222 



Tlie design nitrate removal' rate,»»qD, can be related to the safety factor and the peak nitrate 
removal ^te by using the follovang equations in conjunction with Equation 3-53: 

r * - * 1 -V n -K ^ ' ' (3-50) 

1 ' _L=Y^q^-K, : (3-54) 

„m,., . D^D a. > 

■ , , ' ' ..' ■ .• ■ ■ ■. •■■ •■ : ■ , : 

where: ~ denitrifier gross yield, lb VSS^grown/lb NO^- N 

removed, 

* '^d ~ decay ipoefficient, day . 

= nitrate removal rate, ib NO^ -N'rem;^^^ 
fl^' = - peak nitrate removal rate, lb NO^ -N rem./lb VSS-day. 

In evaluating these equations in design- ealculations, the specific values of Y and given in 
Section 3:3.5.4 may be used. Figure 5-2 may b&* used to arrive at estimated values of q^. 
Considering the range in the data in Figure 5-2, conservative practice ui the absence of^xXoX 
data would be to pick the lowest denitrification rates observed for qj), e.g. at 10 C qjj = 

' 0.05, at 15 C qo = Q.08, at.2o'c qD = 0.15, and at 25 = 0.^0. Use of these minimum 
values of qj) will tesult in vbry *conservatiye reactor desigps. Pilot plant studies may be useful 
to define applicable values of q^, as the potential for establishing higher denitrification rates 
for a particular location is good; evidence of this is the range of denitrification rates among 

' the various locations shown in Figure 5-2. ^ 

As a design example cOnsider a cise v^rhere the temperature is 25 C, qjj = 0.2 lb NO3 rem./lb 
MLVSS/day, Y = 0.9 lb VSS/lb NO3 rem., Kd = 0.04 day- ' , and = 0.15 mg/1., Assume 
that due to diurnal variations in load (Section 5.2.2.2), a minimum safety factor of 2.0 is 
adopted. Consider a '30 mgd treatment^ plant", where 25 mg/1 of nitrate-N must be removed. 

1 . ■ Using Equation 3-54, calculate the minimum solids retention time for denitrifica- 
tion: 



— =0.9(0.2) -0.04 = 0.14 
gm 



c 

. ■ • 

- 0"^ = 7.14 days 
c 

2. Calculate the design solids retention time (Equation 3-29'): 



0^ = 2.0(7.14) = 14.3 days: 



Calculate the design nitrate removal rate (Equation 3-50): 

■ ■ ■ ' ■ ' ■ •* . * ■ • . ■ 



•■• Qj) = 0.12 lb m~ -N rem./lb MLVSS/day 

Calculate the steady state nitrate content of the efHuent. The expression relat 
removal rates to nitrate level, from Equations 347,. 3-48 and . 3-49, is as folio 



D 



1 



7. : . . ' • ■ ■/ ■ ,■ ■ ^ • ' 

mere: - • half saturation constant, mg/I NOl^-N, and 

Y ^1 = . effluent cpncentraiion. of nitrate nitrogen mg/1. 

Evaluation.of this equation for this example yields:, .. 



(5- 



0.12 = 0.20 



1 



0.15 + D 



1 



. i>, = 0.23 tng/1 NO3 -N ' ' ' ,. ^ 

Determine the hydraulic detention, time, at average dry weather flow The 
equation for nitrate removal rate is useful in this calculation. 



^o-^i 



D X, HT 



(5-2) 



where: 



D = 

p. 

^1 =' 

^1 = 
HT = 



influent NO^ -N, mg/1 
effluent NO^ -N, mg/I , 
MLVSS, mg/1, and ' 
hydraulic detention time; days, 
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The mixed liquor volatile suspended solids CMLVSS) level is 'dependent on the 
mixed Uquor total suspended^ds, which is in turn 'dependent on the operation 
of the denitrification sedimentation tank (see Sections 4.10 and 5.6). Assume for 
the purppses of this example that the design mixed liquor content at 25 G is 3000 
mg/1. At a volatile content of 80 percent, the SlLVSS is 2400 mg/1. From 
Equation 5-2, the hydraulic detention time is: .. 

^ ^ (25-0.23) =0 083. days 
(0.12)(2500) 



= l.99hr 



Determine 'the sludge Wasting schedule. . The equations developed for wastin^^ 
in the nitrification system are directly applicable here. The neqessary sludg< 
inventory is: - • . - . , ' . . . 



. ■ I = 8.33(Xj -V) 

where: V I = inventory of VSS in the anoxic denitrification 
reactor, ^Ib, 

Xj = MLVSS in the reactor, mg/1, and 
' V = volume of the reactor, mil gal. . 



(4-7) 




In the example at hand: 



I = 8.33(2400)(0.083)(30) = 49,780 lb VSS 



From Equation 4-8, the sludge wasting from Ml sources is, defined by the 
following equation: \^ ' " , 



s=4 



(5-3) 



where: - S = total sludge wasted in lb/day 



For this example: 



S = 49,780/14.3 =3,481 lb YSS/day 



Thfc total sludge to be wasted each day is made up of two components, as shown: 



S = 8.33(Q • Xj + W ■ X^) 



(4-6) 
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where:; Q = influent (or effluent) flow rate, mgd, 

■ • ..• ■■• -■. - ■ - •.■ • ■■ 
. W = waste sludge flow rate, mgd, 

X2 = . effluent volatUe suspended soUds, mg/l, and 
= waste sludge volatile suspended sQlidSi mg/1. 

The sludge contained in the effluent (the term Q.X2 above) can be calculated 

— assumin'gthat the effluent YSS is 10 mg/1: * • . 

' ' -■ ■i'- ■ . . . ■ . . * . . • „ . . 

/8,33(10)(3p) = 2,499 lb VSS/day ^ ^ ' 

• • ■ ' ■ ■ ' ^*.'.- - • , • . 

By difference, the lb of MLVSS to be wasted from the mixed liquor or return 
Sludge is: - 

• : . 3,481 -2,499 = 982 lb VSS/day 

7. Methanol requirement. From Section 3.3.2, an estimate of 3.0 lb per lb of nitrate 
N removed is*i-easonable. The methanol requirement iS: " ' ' ' 



3.0(25 - 0.23)(8.33)(30) = 18,570 lb/day 



The sludge yield and decay values iised abovp are, for a case where only a short aeration 
period is used prior to clarification. When an aerated stabiUzation step is employed, very 
much lower sludge wasting is tequired than presented in the above example. In cases where 
an aerated StabiUzation tankXemployed, only the sludge inventory under anoxic conditions 
should be considered in th/ sizing of the anoxic reactor for denitrification (Step 5). 

• 5.2.2. 1 pfect oT Safety Factor on Steady-State Effluent Quality 

In the design example previously presented, the safety factor was assumed to.be 2.0,.based 
on considerations presenteXm^ction 5.2.2.2. The' effect of alternative assumptions on the 
effluent nitrate level are presented in Figure 5-3. As may be seen, the assumptiqrpiiHhe ' 
safety factor hks a marked effect on the effluent quaUty of complete mix denitrification 
systems. ' ' f ' 

/ . ^. ; 

' ' \ ■ ■ ■ 

5.2.2.2 Effect of Diurnal Load Variations.' on Effluent Quality 

As is the case for nitrification, load variations have a significant effect, on effluent quality. 
Since iJpstream treatment units to some extent equalize load variations, the peak to average 
load ratio is generally Iqwer than for the nitrification , stage. The effect of load 
variations can be analyzed in a similar manner to that used for nitrification (Section 
4.3.3,2). By analogy to the nitrification case, the mags balance yields the following 
expression for nitrate at any time: ' ' , 'V 

. ' ■ : '.. 5.8- ' •' 226 . ■, . ■■: 



FIGURE 5-3 



/\ 



EFFECT OF SAFETY FACTOR ON EFFLUENT NITRATE 
' LEVEL IN SUSPENDED GROWTH SYSTEM 



2.0 r 



where: 




^D^^i : 

D^ = influent, nitrate -N level at any time, mg/l; 

D^ = mass average influent nitrate -N level over 
24 hours, nlg/1, . 

D, . = mass average effluent nitrate -N level at any time, mg/1, 
maiss average effluent nitrate -N level over 24 hours, rag/1, 
influent flow rate at any time, 
average daily influent flow ratej 

-1 



3.0 



(5-4) 



1 

^1 = 
Q = 
Q = 

'^D 



= design denitrifier growth rate, day" , and 



ERIC 



ft = maximum denitrifier growth rate, day 



-1 
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Equation 5-4 has been used to evaluate the effect of the diumal load variations shown on 
Figure 5-4 using the design example conditions given in Sectiori3".2.2.1..The influent 
nitrate-nitrogen concentration was assumed constant at 25 mg/1, and the load variation was. 
assumed 'to be due to variation in flow only. Several trial calculation^ using Equation 5.-4 
over a 2^4 hour cycle were necessary to derive values of Dj. Results of these calculations for 
several values of the SF are al§o show#on Figure 5-4*: As may be^seen, the safety factor, SF, 
has a marked effect on the nitrate bleedthrough occurring during peak load conditions. In 
the case examined, a safety factor of 2.0^vas sufficient to prevent excessive nitrate leakage^^. 
The peak to average load for this case was 1.5. In summary, it would appear that as a 
minimum, the. safety factor should exceed the pieak to average load ratio to prevent 
excessive nitrate leakage during peak load conditions. • 

■ ■■ . ■. \ [ •• •/ : ' . .• ■ •• V 

5.2.3 Plug Flow Denitrification Kinetics i: % 

The design approach for plug flow denitrificai^^teacfors l^j ^milkr to the approach 

develope(l for complete mix reactors, with the ex^p tjqn pf tW 

effluent quality. Lawrence aricl McCarty's'^ solut ion for p luglfidw kineticsis applical?le: 

' --^W-- . ° ' ^ p . V '. (5:5) 

All these teiins are as defined previously in Section 5.2.2. ..^ 

■ ■*%.•■ . ' . . ■ ' , . ■ .* ■ ■ ■ _ . " ■ ■ , ^ 

The kinetic design approach for plug flow follows that used for complete mix systems in 

Section 5.2.2, excepting that at step 4, Equation 5-5 is used instead of Equation 5-1 to find 

the effluent nitrate level. 

* • ■ ■ ■ . ■ . • ■ ' , ' 

Equation 5-5 can also be used to find the safety factor required to, obtain any desired nitrate 
leveL This has been done for the e^xam pie: presented in Section 5.2.2.1 and plotted ih Figure. 
5-3. A comparison of the safely factpi; rpquired' 16 o6tain the same niti;ate level in a 
complete mix system yields the conclusion that plug flow systems can be designed with 
considerably lower safety fac1;ors while obtaining the same effluent quality. 

•While kinetic models h^ve not been Extended to the point where they can be expected to 
describe the effect of. diumal variations on plug flow systems, it can be expected that'the 
effects of these loads will be similar to those experienced in complete mix systems. This^is a 
result ' of the fabt that once the^ effluent level rises above 1 mg/l nitrate '^Nt; the 
denitrification rate becomes essent^Uy zero ordeK For zerQ order reactions, there is little 
difference between plug flow and complete. mix reactfoiv kinetics* Therefore, the nitrate 
bleedthrough in a plug flow reactor can be expected to cloisely approach that in a complete 
m^^ reactor under diumal peak loa^d conditions. To prevent excessive nitrate le^age during 
peak load cohditions, the recommendation in Section ^.2.2.2 should be adopted j'as a / 
minimum, the safety factor should exceed the peak to average loadtatio. 1 ^ 



The plug flow hydraulic regime can be approximated by a series of complete mix 
denitrification tanks, in which backmixirig is prevented. An example is provided by the case 
histoiy of the CCCSp Water Reclamation Plarit, presente^ih Section 9.5.2.1. 



FIGURE 5-4 



EFFECT OF DiyRNAL VARIATION IN LOAD ON EFFLUENT NITRATE 
LEVEL IN COMPLETE MIX SUSPENDED GROWTH SYSTEM 
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, . ^ 5.2.4 Effluent Quality from Suspended Growth Denitrification Processes 

Since denitrification technology is new, there is a concern on the part of some design 
engineers that biological nitrification-denitrification systenis are unstable arid produce 
.results of high variability. However, large scale tests of biological nitrogen, rem oval have 
demonstrated over relatively long periods that a -consistently lp\y nitrogen level Can be 
obtained. . . , . ' v \ * 

* * ■ ' ■ • " ■ . 

5,'2.4.1 E);perienceatMariassas, Va; , . , • 



The EPA conductjsd a.0.2 mgd (760 cil m/day). test of the ''three sludge*' system for eight 
months , at Nilpa^^as,^ Va. The system consisted, of primary treatment and. three separate 
■ suspended' grpvvth stages for -organic carbon oxidation, nitrification and iieriitrification . 
followed by filtration, as shoVyn in Figure 5-5. Alum was added to the first "and third 
suspended growth stages for phosphorus removal. A dose of polymer was added to the third 
reactor effluent, Perfonnance data^ presented in the fonn of frequency distributitf^a^amsy 
show that thd performance of the closely monitoifed. system was very stable.^^tabuiar 
summary of denitrifkation effluent quality showijf^^bjp 5-1 for the last four months of 
operation. As may be seen, an Affluent vefy low in Wta^^ total nitrogen ^y^s! 

obtained from the denitrification systen/and filtration provided further reductions. Further 
details are available in the papers produced from the project 4>9 



:V ■ FIGURE 5-5 
THE THREfe SLUDGE;^ Y$TEM AS TESTED AT M AN ASSAS,-VA (REFERENCE 4) 



BACKWASH 



ALl/M 



ALUM . 
METHANOL «CID POLYMCR 




WASTE TO SOLIDS HANDLING SYSTE M' AfA> L^tT IMATE DISPOSAL 



TYPICAL WASTE StUDOE LINE 




PRIMARY 
TREATMENT 


HIGH RATE 
ACTIVATED SLUDOE 


<— — ' ^ 

NITR IFYIN6 
ACTIVATED SLUDOE 


.|,0E NITRIFYING t 
. ACT}VATEO...j^UU^E 


> POST 
. .tf TREATMENT - . 


(T^SEDI MENTATION 
^TANK 


(2) AERATiq>l, TANK 

(3) SE0IMENTATI0*N 
^ TANK . »■ 'y 


(4)aeration tank 
(?)seoimentation 

^ TANK 


@ANOXIC REACTOR^ 
^AERATED CHANNEL ' 
(8)SEDIMEN.TATI0N TANK 


r^.. — ' 

[9j^tiED MEDIA FILTERS 
nm CHLORINE CONTACT 
(jT) POST aera'tiqn 



rTABLE 5-1 
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2 
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5.2.4.2 Experience at th6 CCCSD's Advariped Treatment Test Facility 



ff ^iJ" Noveriiber, J 1971/ the Central Contra Costa Sanitary District (CCCSD) tHe 
1^ %eration^ ■ o^ Advanced Treatment Test Fagjlity (ATTF) at its-B^^^^^ 

^astewatSr treatment plant in Califomia.3 Operation of tlfie facility ultimately fext^nded ' 
jer 23' montjts; A purpose of the test facUity was to obtain data on the ATTI: System 
quen'ce of processes (Figure 5-6) ' that' had been / ptpposed forthe- CCCSD' Water 
Jsclamation Pl|nt.I4 Another purpose was ttj;<^spel^the'.i|Btion thafthe initrification 'and 
|eniirification ^Ipeesses w^re unstable due' to the erratfe.Hitrification-deriitrification results 
previously obtmn^ in a small-scale pilot study.3. 15, 16 " 



' Tfie' AT^j^f^^^uhits had capacities ranging from iSi'lTigd (9,4;^4:/-bu Wday^ the 
^^'pifmgj^P; ■tji/O.'S- mgrfvv(I,9^p;cu m/day) in the denitrificatidh ^.facilities. Priiriary 
claTj|Kation follows lime addition and preaeration and is coupled with a separate stage 
nitrification step. The use of lime in the primary sta^e removeb much of the organic carbon 
. load from the nitrification stage.vthus allowing stable oxidation of ammdhia to, nitrate. 
.Addition of" lim&^. also enhances thes removal of phosphorus; heavy metals and vinises.. 
Addition -of lime i/i the initial stage of treatment, in contrast to the. use of lime after 
conyentional secondary treatment, enables the achievement of better stability in succeeding 
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trieatment processes^ and al^o; allows' the elimination of the need for a biological treatment 
step ^ for organic carbon r^^moval. ahead of the nitrifi^ stage. Biological denitrificatibn 
follows nitrification, conv^rtingYii^^^^ 

.Performanoe data for a representative threeVmOnths of operation of the ATTF are shown in 
Table 5-2.3 .0f particular interest is the fact that. the ?0 ^)ercentile performance level did not . 
vary widely from the median performance level foV the various constituents. This provides" 
statistical confirmation that the nitrification and denitrification performance lof the^ATTF 
system was quite stable. The concentration of brganics in the. nitrified and denitrified 
effluents was low, as measured by BOD and organic carbon. Operation for complete 
nitrification also resulted in. high organic removals. Similarly, suspended matter in the * 
nitrified and denitrified effluents were also exceptionally low (Table 5-2). Nutrients are 
effectively removed in the ATTF system. Total nitrogen in the denitrified effluent averages 
less than 2 mg/1. Total phosphorus. averaged 0.5 mg/1. 

5.3 Denitrification in Attached Growth Reactors Using Methi^oi' as*lh^..Garbon Source 

\* #i' ■ ' 

Denitrification in attached growth^reactors has been accomplished in a wide variety of 
denitrification column configurations using various media to support the growth of 
denitrifiers. In part because of this variability among systems, it is difficult to jet forth 
generally useful design criteria at the present time: Sevetal useful approaches 'are suggested 
f^or characterizing denitrification in attached growth systems and presently available data 
(1975) are analyzed by these procedures. . J:''^^:^ • . 

• ' ■ ■ *' 

5.3.1 Kirietic«Design of Attached Growth ife'nitrificati . ^ 

• . ' ■■ ' ' " " ■ : ■ ■■ ■ 

In order to size an attached denitrification reactor, knowledge is reciuired of the reaction 
rates taking place in the reactor volume. In estimating reaction rates, the level of biomass 
effective in denitrification must also be known. One approach es to estimate the level of 
biomass o^' ti\e media surface and thenuse measured reaction rates per unit of biomass to 
obtain ^ti^^- m removal capability of a column containing the^-jfis^^^ amount of 
biomaiss.^>'§;>.^?'-This approach 15 limited in its usefulness in desigpv ^^ because 
th^i-f ^Vilisiite available" at the present, time to predict 'itti'a^^ of 

t)r6inafia:%fbirt***'will develop on the mjedia, Biomass development will be dependent on 
hydraulic regime, type of media, loading,f means for promoting sloughing and possibly the 
temperature of operation. . / ^ 

An indirect procedure for consideration, of denitrification rates in design is to adopt the 
approach in which denitrification rates are expressed in temitfipf surface nitrate removal 
rates, e.g.. lb nitrate removed per sq ft per day.7>.18,20 this basis, high surface 
removal rates would reflect extensive biological filni:Mevelopment, whereas low surface 
removal rates wgiild reflect minimal surface film^dey^^^opment. The surface denitrificatibn 
rate varies considerably arriong the various denitrification column configurations and is 
affected by the loadings under which the process is operated. 

, . 233. / , ■ 
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5.3:2 Qassification of Column Configurations \ ' 

■ *• . ' _ ■, ■ " 
.The various types of denitrification columns currently available are summarized in Table 5-3 
alohg with calculated peak surface denitrification rates. The first type of categorization is 
with respect to the condition x)f the void space in the column. Until vwy recently, all 
dehitrificatibn woric has been conducted on siAmerged columns wherein the voids were 
filled with the fluid being denitrified. Very recently, a new type of column has been 
developed in which the voids are filled with nitrogen gas, a product of denitrification.^'^ V 
The/submerged columns can be further subdiYided into packed bed and fluidized bed 
operations. ' . 

The varieties of mfedia being employed for commercial application are also shown in Table 
5-3; the listing is not meant to exclude commercial products which may be equivalent to 
those listed. For instance, other vendors of plastic niedia^'are listed in Table 4-15. 

Details of (Jesign construction and operation of each column type are presented in the 
following sections. Also included is a comparison of column systems. 

... • * 
, 5.3.2. 1 Nitrogen Gas Filled Denitrification Columns — Packed Bed 

The nitrogen gas filled column was recently developed for use at the Lower Molonglo Water 
Quality Control' Centre (LMWQCC), currently under construction.6>21 Details of the 
column design used for this Canberra, Australia installation are shown in Figure 5-7. The 
column media consists of corrugated plastic sheet modules of the same type used in plastic 
media trickling filters <Table 4-15). As opposed to previously developed attached growth 
processes, the present colomn system is not submerged with liquid; rather, the column^s 
void spaces are filled with nitrogen gas, a reaction product of the denitrification process. 

In the denitrification column the influent wastewater is spread out over the top of the 
media and then the liquid flows in a thiri filin over the media on which the organisms grow. 
These organisms maintain a balance so that an active biological film develops. The balance is 
maintained by sloughing^afbiiimass from the media, either by death or by hydraulic erosion 
or both. Sufficient voids are present in the media to prevent clogging and ponding. The 
denitrification column must be followed by a clarification step to remove sloughed solids. 
Pilot studies for the LMWQCC facility indicated that effluent solids should be sufficiently 
low so that the effluent can go directly to a tertiary multi-media filter. 

■ ' ■ • '. ' ' ■ • ' ' ■ . ■ ' 

Oxygen Aust be- excluded from the denitriUbation cblunrin since its presence would prevent 
nitrate or nitrite in the applied liquor from serving as the electron acceptor in the biological 
oxidation of the applied carbon (methanol). Therefore, the denitrification column is pealed, 
to prevent intrusion of air. The units are vented to allow outflow of nitrogen ga^ while 
preventing inflow of atmospheric air. Soon after start-up, the nitrogen gas displaces the air 
or other gases initially present, leaving a nitrogen gas atmosphere in the voids. This ensures 
the anoxic environment that is required for denitrification. ' 
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TYPES OF DENITRIFICATION COLUMNS AND MEASURED DENITRIFICATION RATES 
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Low poroiity 
fine niedii 



Bigh porosity 
dne medli, 
nod 

Activited cftHxii 



Medii 
trtdenime 



Munters 
Pltsdfik 



Koch 



Envirol^ch 
Surfptc 
Kocb . 
Flexlrings^' 
Intilox 
saddles 



"Biscblg 
rings 



Spociflc 
surlice 
sf/cuff 



42 

(138) 



65 
(213) 
27 
(89) 
105 
(344) 
142 to 274 



79 
(259) 



Gnvel 

■^50=3.4 to 
14.5 mm 

Stud 

'^SOfiO.Jmm' 



Sand 

^50«3lo 
4 mm 



Sand 

^lO'2Jm» 
, U,C,= l.l3 



50>0.65Qiin 



>0,C5iiim 



245 to 65 
1804 to 279) 



450' 
(1,476) 



250' 



Voids, 
percent 



v95 



94 
92 
70 to 78 



Surface or voluae'denltrlflcition rtto it sUtod tempeiiture, C 
lb N wm/Bf/diy 1 10^^ (0) N rem/1000 cf/diy 



130^ 
(426) 

390^ 
(1,279) 



2Bto37 



.37 
(5.3 
to' 
lO.I) 



.43 

(2.8) 



116) 



15 



' •'. 'lkg/m2/diy-0.205 1b/i(j^"" ,w ' ; 
'^Ibwrd^ttaHon'-''^^ ^ " ; • 

^' / and O.C. ^uniformity cQofficleftt 6oAo , .. 



.50 
(3.3) 



(3.7 

to 

ID 



6.2 



(257) 



(126) 
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m 



1.3. 



,96 
(13.5 
to 
26) 



Ul. 
(7.2) 



12.1 



(3.B) 



(1275) 
(292) 



.1.1 



30.11 
2.4^ 
(19) 

l.46« 



(424) 



m 237, 



I A. 
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Media specific surface and conffgtiration must be carefully selected to 'ensure that clogging 
does jnot occur. d||^d^g can occur under high loadings if the restrictions in the media are 
too small. Pilot sfiidies may be warranted for media selection when design conditions depart 
. from those previously tested; Once the proper media is selected, the process has the 
advantage that backwashing is not required, considerably -simplifying design, construction, 
and operation. Further, the column construction is simplified since it need not be a pressure 
vessel as the column is at approximately atmospheric pressure. 

The denitrification column was first tested at the' Central Contra Costa Sanitary District's 
Advanced Treatment Test Facility (ATrF).6,21 jhe test progralm had three primajry. 
objectives: the first was to develop confidence in the ability of the at^tached growth reactor 
to function consistently and predictably; second, to determine the optimum specific area of 
the plastic media; third, to develop criteria upon which design of the prototype columns for I 
the LMWQCC cbirid be based. ^ 

. ' i' '. 

The test denitrification column consisted of a sealed vertical 24-inch (6 TO mm) diameter 
reinforced concreitg pipe 12 ft (3.66 m) in height and filled ;with 10 ft (3.05 m) of media. 
Plastic media consisted of PVC corrugated sheet modules, supplied by Munters Corporation. 
The top of the column was sealed by a gasketed cover aind the flitrified liquor , was Applied to 
the top of the tower by a round pattern nozzle; After passing through the column, the 
denitrified effluent was collected in a sump from where it was discharged. Provision was 
made to allow pumping of column effluent back "to the influent of the column to te$t the 
''merits of recirculation. A brief ^description of thfl test program and a summary of the results 
is presented on Table 5-4. The initial media tested had a specific surface of 68 sq ft per cu ft 
(223 m^/m^). This media clogged at the Mgh application rates applied in May and June 
1972 and was subsequently replaced with media having a specific surface of 42 sq ft per cu 
ft (138 m^/m^). Recirculation of effluent was not found to be required and was dropped 
from the test program because of the high energy costs that would be incurred if 
recirculation was used in the full-scale plant. ,y 

Experience with the pilot column indicated that an application rate of 5 gpm appeared to be 
a reasonable flow that could be applied continuously without an objectionable buildup of 
growth on the mqdia. That vSlue is equivalent to a rate of 245 gallons per cubic foot per day 
(33,300 l/m^/day). Because the Contra^Costa wastewater has a lower nitrogen concentration 
than the wastewater at the LMWQCC,' the hydraulic loading rate was adjusted to ensure an 
equiyalent nitrogen load was app^lied. The value was then further reduced to permit lower / 
lo^tUri^ *at' lo]v wastewater temperature. Taking these factors into account, an ADWF 
Joading rate of 144 gallons per cubic foot per day (12,562 l/m^/day) was selected for design 
purposes. In terms of nitrate removal rate on the basis.of media surface, this corresponds to 
9.9x 10-4 lb N03-N rem/sq ft/day (4.83 X 10-3 kg/m2/day). ^ - 

While media \yith a spe^fic surface of 42 sq ft per cu ft (12.8 m^/m^) is believed to be not 
. susceptible to clogging in municipal applications based on the limited experience to date, it 
would appear prudent to provide chlorine addition capability to aid sloughing should 
clogging,occur. \ . . . ^ 

. V , . . 5^20 2 41 ' ^ 



' • TABLE 54 

NUMMARY OF OPERATION - NITROGEN GAS FILLED DENITRIFICATION COLUMN 



Date, 
•1972 



Effluent 
flpw rate, • 
gpraf 



Recirculation 
rate 



NP3-N, mg/1 



'"In 



Out 



TOC, mg/l 



In 



Out 



Comment 



AprU24 
April 27 
May 2 
Mays . 
Mayll 



May 16 
May 18 
'May 23 
|^By26 
May 31 



June 5 
Jiin e 9 
June 12 
June 15 



June 16 
July 27 



4 



'4,7 
5.31 
2.3 
2.1 
2.0 



2.5 
2.5/5.0 

6.0 
10.0 
10.0 " 



15,0 

15.0: 

10.0 

;o.o 

7.0. 



914 
9.4 
9.4 
9.4 

8,0 



27 

22 
. 28 
' 30, 

'24.5 



4.5 
1.6 
<0.2 
<0.4 
Nil 



26 
2? 
'37 
36 
40 



15.5 
19 
25 
11 

16 



:■ Media installed had eVsffv^j/cu.^ mW) 



0 
0 
0 
0 
0 



28 

27 . 
27 

22 



1.6 

<0.1 
0.6 

• <1 



10' 
9 



13' 

57 

14 

16 



Eliminate recirculation and Increaseflow rate. 



.Av, 



0 
0 
0 
0 
0 



25.5 

27 
27 
27 



3.4 

1 
5 

6.8 



Column being overloaded. ,V, 

Severe foaming. Feed rate decreased. 



7 
8 

7.5 



15 
17 
,12 



Meqhanlcal breakdowns and operation difQcuIttes. 
Test results unreliable. 



July 28 
August 1 
Ai%ust4 
August 9 
August 15 
August 21 
Auguist 25 



August 28 
August 30 
September 1 ' 
^ptember 7 
September 12 
September 19 
September 27 
October 3; 
October 25< ■ 



5.0 
5.0 
5.0 
5.0 
5,0 
5.0 
5.0 



5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0' 



0 
0 

0 . 

0 
0 
0 



15.3 
13.5 
11.8 
11.8 
9.8 
l5.2 
12.5 



5.4 

.2.S 
.2.7 

IVO 

Nil 

4-0. 
5.0 



46 
10 
73 
11 



38 
10 
45 
14 

18 
13 



Me<|ia removed. 



0. 
0 
0 
6 
0 
0 
0 

0. 
0 



23 

30 

18 

27 

17. 

24.5 

18'. 

19 

20 



17 
22 

3.2 

0.5 
Nil 
Nil 

0.8 
Nil 

1.4 



8 
8 

a 

8 • 
8.5 
8 

8, 
6.5 



12.5 

13 

13 

18.5 

12 

12 

15.5 
11 



New Media used was 42 sq. ft/cu ft. ' - 
(12.8 mW) 



, Denltrification reestablislied. : 



1 gpm ' 0. 065 l/s 



de5i|n;;9fjhe de^ columnar jhe LMWQCC is portrayed in Figure 5-7 and- 

design data are gi.v^ in. Section 9.5.2.2c.0.peration^will be by gravity now, as the LMWQCP 
is located on a very steep site, fixe^'distfibutibn troughs with splash plates were ysed to 
handle the wide range in flows'expected and to minimize the restrictions in the distribiitiQn 
system which might be clogged . by thlv^owth of denitrifiprs. Further, a top layer, of 
dumped medians placed over the corrugated media to ensure good distribution and growth 
at the top of the column. 

5.3.2.2. Submerged High Porosity* Media Columns - Packed Bed . 

\ , ^' ■ . •, 

.Submerged denitrification columns- packed ^ith high ;p'of6sity media j(N^ been ^piloted af 
several locations7>.17>20,22,23 ^^d tested fuli-scale at EI Lago, Texas. ^4 ^ . 



A typical sche?na'tic illustrating essential process elements is shown on Figute 5^8. The media 
is normally ccjntained in pressure vessels.' To'ojbtairi sufficient contact ; time, a series 
con/igiiratfon df 2 or 3 vessels is employed. '7>20,24. Either an upflow or downflow column 
operation, may be Used.. While u variety of media rtypes. have been used (Table 5-3), a. 

■ • ^ . ' ■ "^r--.:,,./ ■ • • • . ... 

" FIGURE 5-8 , ; 

TYPICAt;PROCESS SCHEMATIC FOR SUBMERGED - " ' 



< ■ HIGH POROSITY MEDIA COLUMNS 
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coftkriion characterfstie ; is that a high void volume is maintained in the unit. As a .r'; 
consequence, biomass^ is ^allowed to cdntinupusly slough from the .jiTiedia, n^iimizing the 

:;fequirements for ba^fwas^^^ A corollary is that; th&,media dqes- not build up th^ layers of 
biomass that would^devetop^ if 'th& y as with sand or pebble 

/media.23 The lower surface dehitriflcatiQn^ compared to sand or 

rock (Table 5-3) reflect this 'differe^^ M?)sJ- often 

dumped medi^ have been used/ tliough' theire ii&^o^ cornigated sh^elrnedia 

hasbeerij4Sned,^^^ >.;"V.''^ ' . • ''V '"''-'^■■^'''■'^^ 

BackwashirigyVfhoiJgh infrequently usedj is still required. At:Ei Lago, Texas, where the media 
was Roch jFlekirings; the water backwash rate was 10 gpm/sf (fS.S l/s/m^) coupled with an 
air backvyash Tate of 10 cfm/sf (3.6' m?/.m2/min^ Backwashing was routinely done every 
four weQks.24 Backwashing in. this iype o.f,cQlumn is not required due to excessive head 
losses in the column; rather, it is requirefd' to prevent the accumulated .§oJids in the column 
from Continuously sloughing into the effluent; and causing high effliient* suspended solids. 
Others havg^ used 'backwash rates*»up to 44»gpm/sf»(29.7 l/s/m^) but did not' use an air 
backwash, procedure El Lago air-water*^tfackwash procedure is the reCommefided: 

approach*' f6r.v^iesign purposes. As opposed to the^ situatioil. \yit}i respec to other coluniri , 
designs, a fairly blroad data base for this coluiriri 'type. Stirface.removal rates observed . . 
■ at various locations ^xf^ ^ummaH^^ in.Fig}ire.5-9. As may be seen,:rtiost data points fit the<^ 
* data correlation of SuttonV'^r^^"^^^ saddles. 

Figure 5-9 may be used to size the dehitrifiicati column, pirst/peak diiumaljrt^^ 
and minimum wastewater tempefature must.b^ knownl From FigUTe;5-9,''5urface.i;emoyal •. 
rate can be determined. Then from the loadinfe^te media surface'aitii fc^n bg calculated.i^ 
Finally, a specific media is selected and column volume requirements are-calc^^^ . • * : .* 

5.3.2.3 Submerged Low Porosity Fine Media- Columns — Packed Bed ConfigUraitioriV 

■". V •■ ■■' ^ ' . ' ■ ■ 

The subnjerggij: TO column using fine media (Tatle 5-3-) is the column* system ' 

seeing wides} xSmmereial application at the J)^esent time. One manufacturer^ concept 
(Dravo) yof how to incorporate this type of coly^pi^'VtqJa is shown in Figure 

. '5-1 0.^X^Jh this flowsheet combined carbon p5^idation;^nitrification is accomplished in an ; 
activated'ii^udge step. Of course, other nitfiiFicatiydfi* processes could be employed for, ■ 
producing a nitrified effluent. <^ Clarified nitrified. effluent' then flows to the denitrifica- - 
tion column. The concept employed in this flowsheel is^ that the column combines two 
functions in one. First, it serves the purpose of dehitrifyirig the wastewater;, second, the ^ 
column serves the purposp of effluent .filtratfdn:*'thaf nonTially would ^.b many 
plants anyway.27 A discussion of the cost-effectiveness-of combining.the deriitrification and ' 
filtration functions is presented at the end of this sQction. • ^ 

The units manufactured by the £)rayo Corp. typically consist of 6 ft (1.83 rii) of uniformly 
graded sand 2 to 4 mm in size. Filtration rates normally recommended by the DravoCorp. I 
whefi removing 20 mig/l NO3 -N from municipal' wastewaters are 2.5 and ^1.0 gpm/sf for 
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70 to 78 


■ •■ 




Firebavigh, 

Co. . : 


22 


'Kdch, 
Flex (rings 
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" *, I SF/Cu Ft = "3^ 28 mVfn^ 



' 95 % CONFIDENCE LEVEL- 
' vPOR ONTARIO DATA 



•WEIGHTED LEAST SQUARES Flt^. . 
FOR ONTARIO bATA^(Ref^.7ahd-^o) 

K=9a4e:-^^'bAf/day ■ 




I kg/rn^day = *p:205 lb;4 f/dciy 



, /Q : 15' . ^ 20 

TEMPERATURE-, C 



•■ :25 ' 



. minunum wastewater temperatures of 21 Cand 10 C respectively. 3 1 • : ^ ' v 

.■ , ^ • •■ ■ . " ■ ' \ ' • ■ ■ • c 

TOe procedure, for backwashing the/ Dravo filter begins with one or two minuses of air 
a^taticm followed by 10 to 15 minutes qfairand ws^ter scounng and flnaUy fw 
water rinse. Air and water backwash -ra^ cfm/sf (1.83 

; m5/m2/niin)'and 8 gpm/sf^5w41 l/s/^^ addition^ it has^t>een fqiAid that 

mfat'pgen 4gas acxujrnulate^ in the filter during a filter run. TWS imiposes a loss of head on the.. 



FIGURE 5-10 



NITRIFlCATION-f)ENlTRIFrGATION FLOW SHEET UTILIZING 
LOW POROSITY nNE MEDIA IN COLUMNS (REFERENCE 27) 
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fUter and requires periodic removal of the trapped gas bubbles^in the.media, A "bumping" 
procedure was e^^olved whereby a filter was taken Qut ofservice for what amounts to a short 
^ backwash cycle. In the Dravo desi^,. "dumping" backwash rates of 8 to 16 gpm/sf (5.4 to 
^0,8 l/s/m2) for one or two minutes is required every four to twelve hours.^ ' 



The period ' between regular backwashes in the Dravo filter is dependent on the raite of 
^eadlossr buildup. At El Lago, Texas it ^^as found that daily backwashing was required 
Whereas in a pilot study in Tampa, Florida the time ,;between regular backwashes ranged 
from 4 to 40 days.24,32 During the Tampa/study, the % backwashing was found to cause a 
temporary partial inhibition of djeniirification that was not present when only a water 
l^ackwash was used. For instance7 with an influent nitrate-mtrogen level of 15 mg/1, the 
effluent nitjjate nilrogea- level was 10 mg/1 one-half hour after the air-water backwashing and 
reached 0 mg/1 sc^n and one-half hours after b^l:kwashihg.32 multiple filter installations, 
the),effluents from* the" recently backwashfed filter would be blended with other normally 
operating filters, so the impact of this nitrate leakage would be expected to be moderated. 
Gehei^Uy speaking, even the smallest of plants wiir require multiple filters so that an 
effluent can be 'Continously produced, otheirwise a .filter influent storage basin will be 
•reqi "^^^ ^^ 



Jeptune-Micrdfloc, life, has made available suggested design guidelines for their media 
lesigns.33 Four^i|nedia designs \yere tested on a nitrified effluent containipg 20-30 mg/1 of . 
I03-N from an extended aeration plant Best overall t)etfomiarice was obtained from the 
wo media designs shown in Table 5-5; Basic concluSdns of tjje^tudy were a^folloVv$: 

' "Utilizing a* 36-inch (0.92m) mix'ed-media filter' (F-in)f essentially complete ; 
denitrifioation of a highly nitfified wastewater can be achieved at filtration'rate^ 

. of 1.5 gpm/sq ft (l.pi/s/m^) for temperatures oV ^XQ, and at 3 gpm/sf 

(2.01/s/m2) at tempei^tiires of 20 C.^The'inethaiwUto nitrate nitrogen*ratio was ♦ 

found io be between 3^0 and 2.5 . At applied nitrate nitrogen concentrations,of 10 ^ 

mg/1, filter run tim*es between 16 and 24 hours Jto 8 feet of^eadlc/ls wer^ realized 

at a filtration rate of 3 gpm/sq ft (2.01 /s/m^). At*higher applied niljogen levels, • ' 

filter runs were reduced in direct^ relation to nitrQgen concentration. "-^-^ ^ «| 
'•• ■ ' ' . ' • 

* ■ . .- . ■ ■ » . 
n another study of a Neptune-Microfloc filter, a ftilly nitrified, effluent from a trickling 

liter was denitrified. No attempt.was made to d^termine^ limiting filter loadings, hjowever. 
■ ■ ■ ; .-■ '. TABLE 5-5 i . ' ■ . , .. . 



NEPTUNE-MICROFLOG, MEDIA DESIGNS 
FOR DENITRIFIGATION (REFERENCE 33)' 

\ 



Layer depths, inches (cm) 



FHter Materi^al ' 


F-n 


F-iir 


• Garnet Sand 


. (7.6) 


3 ■ 

(7.6) 


Silica Sana" 
i • — a 
10 ~ 0. 5 mm 

.. 'fr • 


,-;vt''. 

'iv 9 
(22. 9) 


(22.9) 


. Anthracite Coal 

' ^10 1.05 mm^ ^ 
• 


18 
(45.1) 


a 

(20.3) 


• Anthracite Coal . . 
* ^10 1. 75 mm^ 

• • 

* • 


■i . •■ 


• 16 
■ "(40.6) 



16 = effective , size 



5n26, 



The filter had three layers of media: anthracite, silica sand and garnet sand with sizes 
» ranpng from i.2 mm at the top to 0.2 mm on the bottom. At a surface application rate of 

2.3 jgpm/sf (1.61/,s/m2) and influei\t nitrate levels averaging -8-to- 9 mg/1, better than 95 
, percent ren»ovals were obtained. Operating temperature ranged from 16 to 18 C during this 
.sdtey. 34,35 

Media size is importaht in establishing denitrification column requirements. The relation^p 
between specific surface and column size was established in a pilot study.at Lebanon, Ohio 
using the following media sizes fof three columns: 3.4 mm, 5.9-mm, and 14.5 mm.^^ , 
Biological film development per unit surfjace.area was shown to be approximately the same 
for each size media. Therefore, the smaller the media, the higher the media surface per unit 

volume and the smaller the column as shoWTl,'ih Figure 5,-1 1. 

. ' ■ - ■ ' * ■ , ' . Ik ■ 

< ■ 

FIGURES^ll ^ 
COLUMN DEPTfH VS SPECIFIC SURFACE AREA (REFERENCE 18) 
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Care should be exercised in the design of the column underdrain system. Neptune-Microfloc 
: recommends that an extremely open underdrain system be employed (pipe lateral, Leopold 
tile, etc.) to avoid the very real possibility that an overfeed of methanol will cause denitrifier 
growth to clog the underdrain ' as was experienced in one test with a nozzle-type 
underAain.^^^ - 

■ ■ . •■: ■. J ■ , , 

Since it has been proposed to use this type of column for both filtration of suspended solids 
and nitrate removal, it would, be well to' examine the performance of the columnar system 
for suspended soUfKrem oval. Various observations of suspended solids removal are-^wn in 

' Table 5-6/With the exception of the El Lago, Texas ^ata, the performance of these columns 
as tertiary filters falls within the range normally expected for tertiary filtrafion (for 
comparative data see Section 9.3.2.3 of the iVo cess Design Manual for Suspended^Solids 
Removal, an EPA Technology Transfer pubUcation).36 Suspended solids removaJTwill be 

- affected by filter desfgn and the fact that the filter is operating as a biologicaT treatment 
system as opposed to a purely physical separation process. 

In considering the use of this process as" both an effiuent 'filter and a denitrification system,. 
• an important design factor shoirid be borne in mind that has considerable implications on 

. TABL^ 5-6 



COMPARISON OF SUSPENDED SOLIDS REMOVAL Et^FICIENCY 
' FOR SUBMERGED FINE MEDIA DENITRIHGATION COLUMNS 



uniformly graded 
^ Table 5-5 
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Location 


Media type 


Reference 


Surface 
-loading 
gal/mln/af ■ 
>.(l/s/m^)- 


♦ 

Depth, . 
ft 

(m) 


Influent 
■ SS, 
mg/1 


Effluent 
. SS, ' ■ 
mg/1 


SS removal 
efficiency, 
percent 


El La^, Texas 


Dravo 

d^o - &-to-4mnv^ 


24 


6.27 

(4. as) 


la 

(4) 


37 


17' 


54 


North Huntington 
Township, Pa 


DravQ 

djQ =.2,9mm-^ 


27,-28,31 


0.72 
(0.49) 


6.0 
(1.8) 


16 


7 


56 


Tampa, Fla. 


Dravo 

*^10 - 2.9 mm 


27,31 


2.5 
(1.70) 


a 


20 ' 


5 


75 . 


Lebanon, Ohio 


dso = 3.4mm^ 


18 


7.0 
(4.75) 


10 
(3.1) 


13 


4 


• 69 




^50 ^ ^^^^ 


18 


7.0 
(4.75) 


20 
(6.1) 


13 


. 2 


, 85 ■ 




dgQ = 14. 5mm^ 


18 . 


7.Q 
(4.75) 


20 
(6.1) 


13 


1 


92 


Corvallis, Or. 


Neptune 
Media F-n*^ 


33 


':' 3.0 

(2. 04) 


2.5 
(0..76) 
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cost It *has. been, claimed that combining the functions of filtration and dem'trification 
reduces tankage and equipment requirements and therefore yields cost savings in plants , 
requiring filtration.27 However, it should be recognized that the column loading criteria are 
different for the functions of filtration and nitrogen removal. For effluent fiitratibn, fairly 
high hydraulic loadings can be applied (4 to 6 gpm/sf or 2.7 to 4.1 1 /s/m^). However, for 
filters 3 to 6 ft (0.9 to 1.8 m) deep acting as denitrification cblumns,s available data indicates 
that hydraulic loading should be between 0.5 to 1.5 gpm/sf (0.34 to . 1.02 l/s/m^) at a 
^yastewater temperature of 10' C. Thus, to accomplish denitrificatiofi at 10 C, it would be 
necessary to have column surface areas five times as large as required for filtration alone: 

Thus, an economic analysis must be done in each case to determine the most economic 

... ,^ , . . . ^ ... 

process configuration. " • , 

5.3.2.4 Submerged High Porosity Fine Media Columns - Fluidized Bed 

, - • . . . ' • • 

The introduction of fluidized bed technplogy into the-field of columnar denitrification is a 

comparatively recent development.29,30,37,38 Figure 5-12 depicts a typical fluidized bed 

reactor with its ancillary facilities. In the fluidized bed unit wastewater passes upwards 

' I ' ' ' * ' ■ 

vertically through . a bed of small n)edia such a's activated carbon or sarid at a sufficient 

velocity to cause motion or fluidizfation of the media. The small media prd'/ides a large 

surface for growth of deriitrifiers. ^/ 

■//'.. ' • . , ' ... 

High surface application rates \^ere recently employed in* a pilot study of the j)rocess at 
Nassau County, New York (15/ gpm/sf or 10.2 l/s/m2).38 xhe column had a fluicHzed bed 
depth of 12 ft (3.7 m). The bed settled to about 6 ft (1.8 m) when the influent was shut off 

FIGURE 5-12 

\ ' FLUIDIZED BED DENITRIFICATION SYSTEM 
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so bed expansion during operation was 100 percent^ Initially the clean bed in. the column 
contained 1.5 in. (38 mm) of pea gravel and 3 ft (0.91 m) of silica sand with an effective 
size of 0.6 mm and a uniformity coefficienf of 1.5. During operation, the media became 
completely covered* with denitrifier growth and the individual particles grew in size. 
During the' initial lab-scale test fqr this process, the media grew fron>;.0.65 mm particles, to 
particles 3 to 4 mm in size.^O The attached growth accounts for the greater depth of media 
in the non-fluidized bed after the column had been in operation.. 

In a packed bed, this growth of particle size would result m high heajiloss, channeling, and a 
loss in efficiency. In an expanded bed, however, there are sufficient voids between the 
denitrifier-sand particles to provide good liquid contact at modest headlosses. This greater 
biological film development allows higher surface reaction. rates (expre;^sed per unit of media 
surface) than for c^^M other type of column configwr^tion as' shown in Table 5-3. Since the 
surface contained in a unit- volume is* high, higher volumetric loadings are also possible as 
compared to any other. column configuration (Table 5-3). Empty bed detention tirne during 
the recent pilot te^t at l^^ was only 6.5 min. Maximum nitrate removal rates as a 

function of tern1>erature are shown in Figure 5-13. and are based on the Nassau County 
data.-^^ If diiimal variations in nitrogen load are to be accommodated by the column 
without nitrate bleedthrough, then column volume requiremefl^will be greater that 
determined in Figure 5-13. A provisional recommendation would be to increase the reactor 
requirements by the ratio of the peak fo average nitrogen loads; / 

■ ■ ■ ' / ' ■ 

The process has been shown to be responsive to both diurnaHoad variations and to cold 
temperature operation. 29 Methanol feed was not automatically controlled, so periods of 
nitrate bleedthrough occurred.29 When methanol feed was under control, 99 percent 
removal of infiiient nitrate and nitrite was demonstrated/Total nitrogen reductions wefe not 
given. 29,38 

^ ' . , »*• 

.While backwashing facilities are nOt required in this type of column, faciUties must be 
— providedr^er— rrmi^agm^^he-^olu^ D ii rin g opera ti on , jlhe. dejii trification 

colunyr increases in depth due to biological gr9w.th causing a continuous $.mall.joss of media 
from, the system. Further, difirnal flow variations cause height variations which , may 
contribute to media loss. This loss can be minimized by provision" of ffpwi-equalization 
facilities (see Chapters, Flov^ Equalization, Process Design Manual foK'Up^^ 'Existing 
Wastewater Treatment Plants, an EPA Technology Transfer Publication).'40 . 

'■■ . • ■ 
The manufacturer of the system suggests "that for rnost plants subject t6 diurnal flo\y 

. variations, media losses^hmd effluent solids levels can bfe controlled by placing two tanks in 
series with the column as shown in Figure 5-12. The first tank would be a sand separation 
tank foUowecf by a. biomass scdimentiition tank for biological solids rempval. The sand 
separation tank might.be vbry small, as a tank with an overflow rate of 13,600 gpd/sf (554 
m^/m^/day) served satisfactorily during the pilot study. It has been suggested by Ecolotrol, 
the manufjicturer of the fluidi/.cd bed system,, that the swirl concentrator which was 

r developed for grit removal from combined stontiiiyater and wastewaters could serve as the 
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sand separation media settling in the sand separatipn tank v^uld be 

pumped back to the col^imn with the pumping action shearing the deriitrifiers from the 
media." This sheared biomass would pass through the column and sand separating"tank and 
then settle in the biomass sedimentation tank.29 if very low levels of suspended solids are 
''required^ the system would have to be followed with tertiary filtration. » . ■ . • 
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• Jllie:!^ cost estimate indicates that the fluidized bed system is competitive v/ith 
V siispepjded^^^^^^^^ or packed bed columnar syi^erris, but it was also stated that these must be 
pCfQiifimlelib^^ 

I > ' : • . ' ' ^' ' • .. • f ■. • 

,. ' . ' '• .* . . . . • • ' . . " ■ , ' • 

/Xi^e 'iht^^^ systems previously descA),ed4n Sections 5.3.2.1, 5.3.2.2, and 53.2.3 are 

! .'seeing; TO applications at this tiine^and the fluidized bed system described in 

;'Sectio^^^ will, likely see application in wje 'i^e'ar future. Therefore, the design engineer 

• 'h^isif^ ' . ' I \ .-. 

;WK€{re iow treatment plant effluent'solids are required, tertiary filtration vnll have to folloAV 
vail ^iolum^ systems except the low porosity fine media system described in Sectioo 5.3.2.3. 

■ -I^Vsmall pl^ts, the elimination of a unit process may favor combining the denitrification 
; - and Qltralion functions. In larger plants the cost trade-offs between alternatives need to be 

:c6nsidered. * ' . 

•'Where space restrictions exist at a plant site, there is an incentive to pick those systems 
' requiring the least land area possible. While from Table 5-3 it^might appear that the ^uidized 
' .lDe4,^had the distinct advantage because, of highesf volumetric loading i:ates, the ancillary 
-sand separation and'biomass sediniehtatfon tanks diminM its advantage over the submerged 

■ fine media column atld the nitrog^^ ■ • * 

^l;he submerged Wgh pcM^ity column configuration apjpears to offer the least attracnve 
alterhative. Roth surfa(jf^ * voltimetric removal rates are iQ^^i.reqQiring comparatively large , 

hreitti^^^^^^^ fiPyrfher, the^^unit must incorporate the-jie'^^^ a filter, y 

withdti't. havi^^^^^^^ effluent suspendecjl sMds of^ submerged low/- 

porosity • columnHp^ advantage for- sfnall . tr^ in that 

backwashirig .is ^nd can be schedulied to coincide with plant staff 

availabiUtyl; ^ '.-J^ • V''^. ; 

The advahtag^^ 'df the'^^^^ (1) similar space requirements to low 

porosity submerg^cplufnns need i^ot be. designed to handle hydrostatic 

loads and (3y. with. |^ naturally and backwadiing is 

not required. • . ' '■'''■^^^^r^^^ "^k' ^.'^s- . ■ ■ ■ '.V 

5.4 Methanol HandUng, Storagb,^I^^^^^ 

Methanol is a chemical hot nbrijijally^^^ plant operation and 

care must be exerted in thes design.aitd a^fei^^^ and feeding 

; facilities to ensure its safe and. proper \}s^^^^^ 
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5.4.1 Properties of Methanol 



Methanol, CH3OH, has a variety of names such as mel^iyl alcohof, carbinol and wood 
alcohol and is normally' supplied pure (99.90 percent). It is a colorless liquid, noncoitbsive 
(except to aluminum and lead'ji^tat nonrial atmosphieric temperature. . Some important 
properties of methanol are shown in Tatle 5-7. Additional. data is available in references 43 
and 44 and manufacturer's information. / ^ • 

■ V* -TABLES-? V • C %' 



PROPERTIES OF METHANOL \ 

• ■ ■ ^ . 1 — 




Property ^:i'f/i: 


* i'' . Value 


Densltv 


0. 7913 g/ml @. 20c (6.59 lb/gal) 




•* ' Vapor Density (air = 1. 00) 

'• . ■ ' ■ ^. ■ ' . . i - 


l.U 




■ Vapor Pressure 0 C 
• ! - 10 C 

> 20 C /v 
30 C *^ 

.: 40 C 

-50 C 


29 mm Hg ■ - V 
52 mirt Hg \ 
96 mm Hg [ 

159 mm Hg >■ ' 

258 mm Hg;':l . 

410 mm Hg ; , 


M \ 

•', 1.;, 
V* i 


Solubility . 'i 


Miscible in- all proportions with 
watQr , 




- ^yiscosity @ 20 C ' . 


0.614 ops . 




f Combustible Limits^ percent 
by volume in air .atSTP 


7.3 to'3eY ■■. /-^r ''^ 




Flash Point Tag Open Cup 
Tag Closed Gup 


■ 'l2'C'(54; Fy.: ' ■ ■V'-:^ ''' 



Taken interially, mefhanolis highly-toxic. It is harmful if the vapors are inhaled or if skin 
contact by liquid or vapors is prolonged or repeated. Fire and explosion are primary dangers 
* of methanol. Persons 'ihvolyed;ih handling methanol ^oi^ld be aware of these hazards. 
.Federal, state and local regiiiations.for safety should be posted along with information from 
references 43, 45 and manufacturer's data. 



A,2 Standards for Shipping, Unloading, Storage and 



The shipping, unloading, storage and handhng of any j^ammable chemical including 
methanol is governed by a multitude of stri;ngent regulations which include: Federal, such as 
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. the Department of Transportation (DOT) and the Occupational Safety and Health Act 
(OSHA); State, which has, various safety orders and codes; municipal ordinances; 
mdependent associations such as th^lS^tional Fire Protection Association (NFPA) and the * 
Manufacturing Chemists Associatio]^|MCA); and insurance requirements., It is necessary that, 
all of these regulations be reviewed and studied beifore thft design of any methanol facilities, 

^ ' and all such regulations must be followed. 

■ ■ ■ ' ■ '■ ' ' ' . . " . " . ■ ' ' ' • ■■ 

. 5.4.3 MethanolDelivery and Unloading 

Meth^bl may be feceiyediin:^^^^^^^^^ gallon (208 1) metal drums, tank wagon, tank truck or tank 
cars. Other methods of sliip^ingi not discussed herein, are^y barge, metal drums (less than 
55 gal) and glass and metal cansJ Tarik wigbns are\pormaily 1,000 tq 4„000 gal (3^785 to 
• 15,142 1) in si^e.^tah^ range fr6m4,tib0,to 9,000 gal (15,142 t6.-34,069 1) while tank . 

. cars are shipped In 6,000,8,000 and 10,000 gaH22,713, 30,283, 37,854 1) capacities. Tank 
cars and tank trucks are the most econbjilical shipping mode for most plants. However, for 
. pilot work and small plants, 55 gallon metal drums miay be fejasible. Since methanol is 
\classifie'd as . ^flariimable liquid by jlkie'DOT, all shipping containers must be approved and 
Jab^led in aqcdrBkii^^e, with applicable^pbT regulatiojis. . • > 

-^^;31ier^^ methanol from any containier is by puirpping. Same 

: J lBargSs a^^ their own^ pumps for unloading. Tank cars and; thinks , can be 

. /.Wnl^^^^ and pumped: pr conveyed by gravity or syphdniiig. The 

^;i>Eeferted mc^thOd of unloading is pumping from;. edugtor tube..Syp)hbning ;Md.. 

. /gp^Vity unloadinlg- are only permitted when the. top of the storage vessel isAelow thb boiit^ 
^• p^^ contpinen Due to the inQreaseispillage probability using bottom uni'oadi?>g; 

■ it is only permitted qp ca^^^ for bottom unloading which include valving . 

appreyed by the/Assiici^ti^b^^^ Railroads (AAR).and in agreement with the DOT 

reqiTfrepients. This y^yfi^^:^'rf^^ contain the product by safeiy controlling flow. Additional 
- ■ pri^cautip^s such as fi^.^l^li^liitk. valves a^^ may be used. . v - ^ 



; AiJ>^Pf^s^^^ of the taitk.C'air padding") must never be used for methanol unloading. 
/ ; the water displacement method "or inert gas padding, i.e. 

, >cirb<>nr4jr^^ nitrogen, etc., may be used if the exact unloading procedures are as provide^ 

by the cHfernica^ rfianufacturer. Unloading procedures canVbe found in references 43 and 45 

and the supplier's data. . .^ 

'■General requirements for the^ design of unloading"^ facilities for methanol are applicable/to 
both tank cai- and truck. The unloading area should be arranged to avoid t/afQc areas. Also, 
all facilities should .be outside due to the fire hazard and all equipiwcM in the vapor area 
must be explosion-proof. Class I, Group D, Division I or 2 per the National Electrical Code. 
Tools should be "nort-^gparking." Unloading should occur during daylight hours since the 
safety and lighting requirements for night operation are very extensive. Ample ^fire 
extinguishers, sa^fety;,blankets, deluge showers, eye' washes, no smoking signs and unloading 
signs are also i^^uired. , . 
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If top imloading will be practiced, approach platforms are required for access to the top of 
' t^e tank 4%he approach platforms used at the CCCSD Water Reclamation Plant are steel, 
swinging ty^^^^^^^ drawbridges. These drawbridges provide for three 

feet (0:9 m) of horizontal adjustment, 30 in. (76 cm) of vertical adjustment and a 45 degree 
pivot to either side^ for ease in Unloading both tank cars and trucks. The drawbridges fold . to 
\ the platforms when not in use providing the required railroad clearances. 

In all unloading setups, all equipment must Be grounded. This includes the shipping vessel, 
. interconnecting piping, pumps, approach platforms, etc. Also, bonding jumpesrs must be 
used to provide a good continuous^systgm. Periodic checks of the grounding system must be 
^ made. : . * ' • 

■ ' • ■ ■■ ■ • ■• ■, . . ■ .... ' . . • J . ■ ■ 

. static electricity buildup must be minimized since it is riot dangerous until at -file spark 

^; discharge level. A spark disleharge can easily start a to 

reference 47 for static electricity accuniulation preV.enu^ ' 

' Facilities for truck unloaditf|.m easeyip t?^^ . 

leaving the area. CpnsitiejraKp^^^^^^ be given, td tKe iniimber- qf'i^ (inloajliiig spots 

* regarding fve^h^rjf^i^ simultaneous ^ujiljDadirig. For'^^^^^^ truck traffic, it is 
best to have parallel unloato ' 

^ Rail unjoading creates additional considerations. Unloading; areas must hayej derails or a 
closed switch a minimum of one car-length from the car. A^primary concern is who, spots 
the cars,, the plant or the railroad?" It is preferable to have private sidings so the railroad can 
:4rpp off or pick up cars at any time without disrupting plant operations. Also/ the cost of 
having the railroad spot cars at night, over weekends or holidays is high and because the 
railroad cannot guaranty time of shipment, safety, provisions and lighting must be provided 
for night operations, 'nvo sidings, ond for ejiipty cars and one for full cars should be. 
provided. The cars can be spotted by the plant personnel with rail car movers which operate 
both on.rail or streets or in the case. 9/ short distances, ca^;spotters (winches) can be used. 

3y paving the j'ailroad yard area, both truck and rail imloading can be practiced. This is 
'afdv^ntageous because major strikes'affecting either kind of^transport cannot cripple the 
plant. A^ the CCCSD .Water Reclamation. Plant. (described in Section 9.5.2.1), two sidings 
T are provided with space ?or ten cars on each track for storage. Unloading.sidings with two 
platforms and two" bottom stations will be used for simultaneous spotting and unloading. A 
rail car mover with a capacity of twQ; cars is also provided. /. , 

Unloading equipment is normally steel but many othW materials, except aluminum, are 
V ^ acceptable providing they can withstand the pressure and are completely grounded. Pumps must 

be "non-sparking" ,such as bronze fitted steel pumps with^ bronze impeller?. Many materials 
. ; are compatible with methanol so setils and gaskets cdn be common materials. Pumps may be 

either centrifugal or positive displacement gear type. However^ppsitive displacejfient pumps 

must have relief valves. Because of the widely varVing heads encountered during 
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unloading, care must be taken^iii pump selection. Piping should have as few; joints 
possible and shojuld be Schedule 40 minimum. Spliash guards at joints may-be desir^in traffic 

' areas. Valves may be gate, p1ug;dr diaphragin, iron or steel v^ith bronze trim, ^ 
plugs, in the plug valve or a neoprene disc in the diaphr^^gm yalves/R^^ on the^West^ 

• Coast have adopted a standard^f^cast steel Valy^^ on all flammable materials to :p*^ent 
damage during a fire. GouplingsjMist^^^^^ is preferable to have a valve neict to' 

. the coupling to limit materid.'^fe*^^ dunng disconneqtion. If flexible hose 

connections are used, ?i zonipl^g^^^ valve can be used. A strairi^r should be 

used ahead^bf any pumping (pirk \ ^i i * ' 

Gare must be exercised to^not^V|^w^^ storage vessel. A. high level alarm ^n^ pump 
shutoff should be utilized. Due to the .incrqasini cpst .of methaii 
have a flowmeter in the unloading piping: -All vessels mu^t yianted durm^ 
Joading^^ ; \ ■: ■: 

,,..:^.4.4 Methanol Storage . ^ ' , 

In orfler to provide for possible delays ih methanol delivery, a storage capability , of two to 
four weeks supply is re.co'mmended. The volume of storage ^wilPbe determined by various 
^ site, and cost requirements; ho wevfer, storage of less than two weeks is too short for expected 
deliY^ry delays and strikes. Tank truck deliveries require in-planit stoi'age. However, v^th rail 
deliveries; the rail cars caii be used for sforage, but charges (demurrage) are levied by the' 
carriers for time on. site in e>^£ess of af fixed time. For small plants, demurrage may become 
cosjt effective. However, carriers may have a time, limit on cars or have excessive demurrage 
charges. • . - * ' . , 

Methanol may be stor^fl in vertical or honzonta] tanks above ground inside or outside, or 
buried. It is strongly recommended that all fhethanol equipment. and tanks be located 
outside. If interior storage is required refer to reference 43 and 44 for detailed requirements. 
' An exception to this rule is drum storage which, if not stored indoors, must be shaded from 
direct sunlight or constantly sprinkled with water. 

Layout of methanol tanks should be in accordance with reference 48.' There should also be a 
dike around each aboveground tank .or group of tanks to contain 125 percent of the largest 

. tank volume in case of rupture or fire. If the tanks are notqf steel, care must be taken so that a 
fire will not cause, a rupture in' the -^Qup /of 4anks thereby overflowing the dike. Fire 
protection is very critical, especially when the tanks are near other structures. F")r large 

-volumes of methanol storage, low expansion alcohol-type foam is used for fire extinguish- 
ing. For very, small fires, dry chemical or carbon dioxide extinguishers can be used. 
Rate-of-rise -or ultraviolet detectors may be used for sensing of fire and initiating autorhatic 
foam release^ WateK should notJ?e used, but may be used for plant area fire control. 

St^age tanks are normally of steel, but most materials are satisfactory except for aluminum. 
Tank size is only dependent i^on the capacities required and any size limitations imposed 
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loy the tank material. Kpipjg, valves, i^^^ ■ 
fittings should utclude the followipg: (1) ah ih 

electricity, (2) an . anti-sjphon valve qr' hble bn*.^^^ prevent iback siffhohage; (3) yent 

pipe with f)ressure*vacuum relief vajve^.^ with flim^ connection; <5> a. 

drain connection, and (6) various openings fbr/deptji gaii^s,^ 

^etc. Maiihples- for access should also be pr<)vided; Alsbj'extfenie GorriDsion will take place if 
.'the ltaftk is drained dry. The tank must also be grofund^^^ 

requirements, vQnting miist be controlled by conseiyaltion t^^ or by maintaihirig a 

slight negative; pressure in the tank using a small ejector: ^ ^ " i 



To^naintain a correct inventory of tank contents, a. 
be used. Low and high level alarms are needed for] 

material at the bottoni of the tank. The high level ajarrn should be, sepai-ate from ^t^^ tank 
sensors for a fail-safe design. 



diaphragm level senior or float should 
protection against oyerfiir and settled 



5.4.5 Transfer and Feed 

. ■ : . ^ . ......... .... 

Methanol must be transferred and controlled from the' storage vessel to the point of ftfiea 
Methanol is removed from the tank and is fed by gravity or pumps. Nomally,>j^^^ 
be utilized for ease of control. The transfer pumps^shbulid^ always have p^^^ 
pressure and should be protected by a strainer. As with all mfeth^nol situa^^ 
desirable to mount all equipment outside. There are three basic pumping 
which can be used: (1) diaphra^ chemica} feed pumps using an adjxte^^ 
volume control; (2) positive displacement pumps with variable speed drives 
either counting revolutions to obtain flow or using a flow m^ter; (3) centrifugal 
regenerative turbine pumps with variable speed drives controlled by a flow meteh: Each 
arrarigement has its own particular problems and must be studied for eaqh instaUationj To^. 
cover the widest range of feed rates, arrangements 1' and- 2 . are usejd due to, thQ 
accuracy range of flow meters. ■ ' ■ _-/'\/'-y./-: — 

All punips, piping, etc., should be the same as noted in Sectiort 5.4;3. A^^^^^ 
. tested for 1.5 times the maximum system 'pressure for 30 minutes with zero ^^l^^^ 
/Methanol addition to the denitrification process is relatively simple, jn thie CejDSD's ^ 
Advanced Treatment Test Facility, methanol was pumped iiito the influent line ahead of the- 
denitrification reactor and the stirring of the reactor wajs sufficient' mixing. In the CXI!eSD 
Water Reclamation Plant, a multi-orifice diffuser is used to evenly distribute methanpl in the 
channel ahead of denitrification. , 

5.4.6 Methanol Feed Control , " ^ 



Because methanol is expensive and a methanol overdose can result in a high effluent BOD5,. 
it is essential to accurately pace methanol with oxidized riitrdgen load. Simply pacing 
methanoj dose against plant flow is inaccurate as it'^does not account for daily and diurnal 
variations in the nitrate concentration. Feed forward con tror utilizing plant now\and 



nitrification ^puent nitrate nitrogen is shown in Figure 5-14.. Feed ratip is approximately 
three parts me]tlianol per part of nitrate nitrogen by weight (see Section 3.3^ 
requii;es;> continuous on-line measurement of nitrate ijtilizing an automated' wet chemistry 
analyzer. The wet chemistry anaJj^zer' (AIT^ outpiit is proportional to nitrate concentration 
in the nitrification affluent The nSanual coiitrdl stk^ select 
either the anaJyzer output, or to enter a maniial. concentration value ih c^se of analyzer* 
failure. The output of' HIK . is multiplied by -a signal ,pro.p6rtionaL to -flow from the ratio 
stations (FFIK) to obtain a signarproportipnal to required methanol flow.ratio. This signal 
may then be fed to a chemical proportioning pump, as shown, or may be the setpoint of a 
flow control €oop. FFIK provides mean§ to adjust -the methanol, feed ratio. The 
. dependability of this control procedure is pr^dicate^ on ^e reliability of the automated w6t 
chemical analyzer. These a^ialyzers require very careful rotitine maintenance -and calibration. 
• In a '^research laboratory environment methanol was paced with the use of a Teqhnicdi Auto 
Analyzer for one week periods between main tejiance che^^^^ • . ' ' 'r> ' . 



■"• ■ . • FIGURE 5-14 

FEEDFORWARD CONTROL OF JVIETHANOL 
^ ; ' BASED ON FLOW AND NITRA^PP NITROGEN 
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5 Ail^^xt^^^ Metharibl Removal 



Unless speciM. mea^sure^^|pF|.rtaken^^^ provide . for \fnethanol removal, 'methanol addjtiori'^^^^^ 
above stoicH^etric recJiiirejTiehts (Section ^4,2) will cause methanol jto appea^^^iv. the ■ V? 
denitrification |)rocess. efriuent3,4,7, 15,1 6,27:29 one' instanee, . airn^too^ v;$ • 

Overdose caused;|j^ effluent BO 106 mg/1 3 Placing ^tal^eli%^ 
<:bntrol system »tQ^ti|^yent methanol overdoses 'May ^e uhcg^^St^^ smstU^^fe^ 
trained technician's ^|tjtenti on can be expecte(fc^c^ '^^^i^^ . 
methanol control system- an^^ a niethanql 'rem<^^^^ 

faiK^^fe operation in. terp^ • . . • 



A feceht modifi(2atipir.of the suspended growth denitrificatibri process^that has as one of its- 
objectives preventing ittethanQl bleedthrpygh,is shown in Part'B of Figure 5-1. 2»51 After * 
deriitnficatipn^ mixed liquor^ passes to an aerated stabilization tank. In this tank, facultative 
organisms "switch over" from using nitrate to dissolved oxygenj artd oxidize any remaining 
methanol. While refinements undout|tedly could .be midei^in determining the length of time 
.required for the^acultative Bacteria to switch over and 'cprnplete methanol oxidation, it is 
kiiowri .that 30. minutes of aeration in ah aerated stabilization tank at »a Burlington^ Ontario 
pilot plant was insufficient, as high (affluent methanol values were periodically ob^SJrved in 
the system.52 A period of about 48 minutes has been found to' be sufficient for methariol 
oxi^ation^^ Therefore, a period of c ne hour aeratioif is recommended based on experience 
t^.^date. Further detaU's -of/ this modification ra^ solids-liquid separation areSl 

p^senjed in Section 5.6. . • ' . ^ 

Jn attached growth denitrification systems, the provision of an aerated basin after the 
, denitrification colunin would not^hfeure nidation of excess methanol. This is because there 
is an insufficient mass of facultati^ organisms' in tl^e column effluent to accomplish the 
biological oxidation of the carbon'! since the denitrifying organisms are retained on the 
media and Qnly. a few pass into the column effluent. To date, excess methanol removal 
systems applicable to attached growth systems have not been developed. ' 

5.5 Combined Carbon O^cidafionyNitrification-Denitrificatioiv Systems vidth Wastewater and 
Endogenous Carbon Sources ! * 

The methanol price increases experienced during late 1973 have caused renewed interest in 
alternative carbon sources. Alternatives having the least chemical cost for nitrate reduction 
are the organics present in domestic wastewater or endogenous respiration of tlje biological 
sludge. The. problems^efxperieneed in i the past with these sources are lower denitrificatioh 
rates and contamination of the effluent with the ammonia released when wastewater 
organics or biological sludge serve as the carbon source for denitrification. 'The former 
problem has 'been mitigated , by 'irtcreasing reactor detention time. The latter problem has 
been addressed by adapting the suspen^ded growth process configuration in specific ways to 
expose the sludge to alternating aerobic and anoxic environments so that released ammonia 
IS subjected to nitrification and subsequent denitrification. The alternatives which achieve 
higher than 80 percent nitrogen reijnioval, while avoiding the use of methanol, combine the 
carbon oxidation, nitrification and denitrification processes in single sludge systems with no 
intervening clarification steps. ^ \ 

5.5. 1 Systems Using Endogenous Respiration in a Sequential Carbon Oxidation-Nitrifi- 
cation-Denitrification System 1 , : ' ' , 

When the process uses the endogenous decay of -the organisms for denitrification in the 
system, the rate limiting step becomes \the organism^s endogenous decay rate in an 
oxygen-free environment. The process flowsheet for this system, is shown on Figure 5-15; it 
Was developed and first tested in Switzerland^^ and subsequentiy evaluated in other 



1 



locations.54,55,56,57 vthe initial tests, fairly high mixed^liquor solids (5^00-5300^ mg/1) 
were employed and detention tifhes of 2.2 to 2.8 hours were u^ed in the denitrification 
section. Results of the various studies are shown in Table 5-8. Deviations at the other 
e locations from the Swiss results are explained on the basis of insufficient reaction time?in 
either the nitrification and denitrification stages.59 * ^ ' 
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. -PILOT TESTS OF WUHRMAN'S SEQUENTIAL CARBON OXIDATION- 
' NITRIFICATION DENITRinCATION SYSTEM (AFTSiR • 

CHRIsf ENSEN & HARREMOES, RE^. 59) 



Locatloa 


Reference 


*> 

Temperature. 
C 


"Jljj, peak 

..j^enltrincatlon rate 
IbT^Os rem/lb MLVSS/day 
or k^/kg/day 


Effluaat 

mg/I 


♦ ■ ^- 

Rang^f 
total nltrpgen removal, 
^percent 










• 


— ^ ■ 


Switzerland. 


53". 


» 13.6 


0.0168 


2 . 


82-i9D 






17.1 


0.041 






Germany 




16^ 


0.022 




' 40-60 ' 


.# ■ 


1 


16 


0.026 






. Germapy 




12-16 


0.038 


3 ^ 


♦ 36-88 


Germany 


56" 


20 > 


0.048 ' 


/ 7 . 8 


46 (averag^) 


. .Seattle, Wa, 




20 \ 


0.026 ■ 




31-65 


■NewYcik 
■■■ 4 ■ 






.j^ • 


1.6 to 3.1 


84-89 . 



. pilot scale 
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ftU'scale, 95,000 gpd (360 m /day) 
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A modificatioh of the concept tested in New York state involved placing a sjiort anoxic cell 
* prior to the combined carbon oxidation-nitrification tank.^^ An aerobic cell of 0.5 hr ^ 
deteniioA time was also placed downstream of the anoxic denitrification, presumably to 
imt)rove settling. Total nitrogen removals of 84 to 89 percent were obtained, which are 
comparable to the Swiss results. . 

. Denitrification rates determined at the various l(Dcatip^ns are shown.in Figure 5-16, Data for 
Blue Plains and Pretoria, S.A. are shown also. In these two pilot plants waste>yater was used " 
as the principal carbon source, but treatment stages using endogenous respiration were 
, employed also. The data sfiown for these two pilot plants are for those treatinent stages 
where endogenous respiration was predominant. When data were reported in terms of MLSS 
only, volatile conjent was assumed to be 70 percent to allqW reporting on a basis consistent 

^ with denitrification rates given jn Section 5.2.; - , ^ - 

An envelope has beeh^ drawn around all data' points in Figure 5-16 to emphasize the 
variation in measured denitrification rates. In the^bsence of pilot data, it would be prudent 
to establish reactor sizes on the basis of the lower envelope line «hown in Figure 5-16, 
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Further, rates shown in Figure 5-16 are peak nitrate removal rates, qj), and a safety factor 
must be employed in design to ensure low nitrate levels in the effluent, as is done^in Section 
5.2. It is notable that these rates fall considerably below those shown for nf^'thanol as the 
carbon source in Figure 5-2. For instance, median values at 20 C for methanol and 
endogenous carbon are about 0.25 IbNO.J -N rem./lb MLVSS/day (0.25 g/g/day) and 0.04 
lb"N03 rem./lb MLVSS/day (0.04 g/g/day). Therefore, a denitrification reactor using an 
endogenous carbon source would have to be. about six times larger than a reactor with a 
methanol carbon source at 20 C?- , . 

Th,e combined carbon oxidation-nitrification step can be designed with the criteria set forth ' 
in Sections 4.3.3 and 4.3.5, because it has be^n- found that the anoxic denitrification step^ 
has no 'impact on sludgi^ activity, if the length of the anoxic period is below 5 hours.5'9\62 
In the calculations for the carbon^xidation-nitrification function, only the inventory under 
aeration should be included in the solids. retentipn time^ growth rate^ and removal rate* 
calculations. ' V / . 

5.5.2 Systems Using Wastewater Carbon in Alternating Aerobic/Anoxic Molles ' ^' 

All of the systems using wastewater as the chief organic' carbon source for denitrification use 
an alternating aerobic-anoxic sequence of- stages, without intermediate clarification, to 
effect tdtal nitrogen removal while attempting to avoid ammonia nitrogen bleedthrough. 
Some of the demonstrations of these systems have shown that removals of 90 percent were 
possible with the alternating mode concept. ^ ' 

5.5.2.1 Aerobic/Anoxic Sequences in Oxidation Ditches 

Pasveer was the first to investigate denitrification in oxidation ditches and reported total 
nitrogen rem'tvals of 90 p^tftent, but few details have been reported.59,63 Subsequent 
investigators have confirmecl Pasveer's results and defined the conditions required for 
denitrification in oxidation ditches. • ... 

Ditch design has varied ampng investigators pjiricipalli^^in the means used for aeration. Even 
though aeration devices have ranged from Kessner briishes and cage aerators to vertical 
turbine mechanical aerators, all the variations can be termed oxidation ditches because all 
use the concept of a channel with aeration devices placed at localized points aa shown in 
Figure 5-1 7. By controlling the level of aeration, the mixed liquor is exposed to alternating 
aerobic and anoxic zones. The channel operates as an "endless channel" since only a portion, 
of the mixed liquor passing the channel outlet is withdrawn, v^th the bulk of the flow 
remaining in the^ channel. In this way the mixed liquor is recirculated many times through 
aerobic and anoxic zones prior to discharge from the channel. 

The largest scale ^st of the oxidation ditch employed for nitrogen removal has taken place 
at the "Vienna-Blumen thai plant in Vienna, Austria.64,65 xhe plant flowsheet is shown in 
Figvire 5-18 and design data are giyen in Table 5-9. The plant consists of a pumping station, 
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FIGURE5-17 . 
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screens, aerated grit chamber-two aeration tanks, two secondary sedimentation tanks and a 
return sludge pumping station. The plant does not incorporate either primary sedimentation 
or sludgp handling facilities. It was constructed in 1968 at a cost of $1,623,000(1968 U.S, 
dollars). 

Since the Vienna-Blumenthal plant is currently operating below design capacity, it has beeh 

possible to operate it. in a manner encouraging nitrogen removal. The two aeration tanks 

have been connected in series and the number of operational cage aerators varied to 

encourage nitrogen removal. It has been found that dissolved oxygen could be measured in 

the mixed liquor immed^tel| jafter the rotor, however the oxygen demand of the 

microorganisms caused the d)cyg^i;i;4p be,^^^ prior to Contact with the next rotor. This 

resulted in an alternating ^ntact of fhe mixed liquor with aerobic, and anojxic zones. 

NitnTicaUfe took place in^'the aerjpbic zones and denitrification occurred in the anoxic 
65f^* 



zones. 

V 
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TABLE 5-9 



'design DATA FOR THE VIENNA-BLUMENTHAL 
- TREATMENT PLANT (REFERENCE 65) 



Population equiyaleo'ts 

. Average diy weather floV (ADWF) 

A'eruted grit rie>it0val^ tanks •• 

jtuinber . ! . * / 
Volume ' ' / . ' 

V. Detention time, ADW^ i ' 



Aeration tanks 



1 



"Number 

Passes/tank 
• Lengtih/pftss 

Width/pass- \- . • 
Depth , . \ , 
Volume ^ total : ^ \~ 
/ .Del;p^tion'tlme,' A-DWF. 

Cage aeratot pal rs/tai& , 
• V >.Hor^epower e^ch, ^ rdtpr, pair 

Secpridary setdiihenta*ion^nks 

^ ■ . Number t 

Diameter V',, ' i . ^ 
'^Average -depth • , 
; . : Overflow ^te, ADWF 



150,000* . 
^2,8 mgd* (1.0 mVsec) 



9,500 cu ft (270 m 
4.5. nain 



492 ft (150m) 
;29 ft (8. 5ni> ■ 
: 8:2'ft (2.5^) • 3- 

.42a^ 000 iau £t (i2> doom 

\ : ;"';3i:3lir'':, 



' V' 148 ft {4£>m) ' . 
. : • : i(> ft, (3, Qmr;. 
570 gpd/sf (27;2m Vm^/day) 



iEstimate. current connectionsyliultimate capacity estimatfed to be,3(g^^^^ population equivalents. - \;V • 

r tpsts at the Vienna-Bkirriehthat pjant are mown in Table^ 5-10^^ 
^ able |jja on total nitrogen . are.^ and 

t that nitrogen , removals . pf 80 to ^; 
, given to the operating conditionsTQcm^ 

.5 to 8.4 hr, rnixedjiqupr Wiidy^^ relative^ • • 

mg/1. Thes^high.KlLSS levelfs werlSTiri^^ . 
in the sedimentation tanks 



Trtie'resuit^^^^ 
While iiv some 
nitrate nitrogen 
Speeial atteic 
detection 't? 
Ri^ Values, 
overflow rat 
m^/m^/day). 
the ability to 
a^ation deten' 



'Aftprnative aferaf||^Hfpatteiiis were.evaKiated in a 
aeiW^j were arranged In ja series of four c<^i^ 
monitoryi over aJ^U year of weather condi^ioriS^n 




'would be to use higher overfl 
Miss levels under aeratip 
:s (see Sections 4. 1 0 ai\^^5>6).;j < 




ih sedjrneiT]tati9n,^r^^^^^ 
^'bnseqtjeh tiy requiling higher . 



^ican'Stti^ 



ch 

P^canst 




[t was 



. \ V, 



Cj^ proM^m that was eventually overcome i 
• the sedimen^tion tank.. Jhis ^condition >a 
section preceded the sedimentation tank. The co: 
(Channel ha'd sufficient aeration to maintain D0.( 




th'African work 'was Hoajtin^ sjudgfe if^ 
illy prevalent wtieri an arioxi^^ chanri^P 
^ :ion was cotrected by ensuriiig' that each 
fee channel after the 'disc. Before the disc: 




OPERATION AND ?^^^^f£tm^OF THE yiENNA-BLUMENTHALPLANT 
24-R^^«^ESTIGATIO;^S-^^^^^ 




' aerator; DfflJ'^vas allowed to drojj to zero. Silice mixed liquor was withdrawn after the disc in 
^ ^;0esh conditiofl^ a sparkUng clpar effl 

Table 5; 11 sun^rizes the perforrrtance data for the successful configurations of aeration in 
the Swuth African study. Nitr6gen rernpYal averages 79 percent. A detailed 4-day aiialysis 
duringiajp,eri6d when 86 percent nitrogen removal was observed showed that 40 percent of 
■the inlB^nt nitrpgen was incorporated in the sludge, 45 percent was nitrogen gas lost to the 
atmosphere and 14 percent-appeared in the effluen^. 
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TABLE 5-11 






■ ' .'"'^ 
Riml 


• Run 2 


Run 3" 


Eun'4 


,"Feed flow rate, ' gpm (1/h) c. 
Retention time) hr . 
Returnaludge ratio 
MLSS, mg/l 
•Water temperature, C 


01 A Monn\ 
23i2 

2:1 

' 4330 
21-22.5 , 


■. 13.9 " 
1.5:1 

: ' '4280 . 
20-22 


22i2 
- 2:1 
3720 
. 14-17 


i(\ S-28 6 (6000*^5001 
■<i7.1-18.5 
>2:1 
3660 
• 14-15;5 ■ 

■\ ■■ /■ 

• •* 

7 (on single shaft, , . 
3-2-1-1) 


Number of discs ui9ed» total 


5 (on single shaft) ' 


< 11 (on two shafts) . 


5 (on single shaft) 

\ ■ - . 


* • 

Dlssolved'oxygen: mg/l 

DGIOru ttQlaUOU UloLo 


'■ . * 

Vlrhiflllv dlo/flvfl 0 


■■ 

Positive DO with 
only Infrecpient * - 
' ' zero readings 


tJsuallv zero or slhrhtlv 
positive. 0-0* 3 In 
channell 


0-0'4lnflrst3 chB, 
' 0- 6-2-0 inch. 4. 

■* 


After aeration discs 


Banging 0.3-0.8 


Higher by only 0*2- , 
0.3 me 1 than 
before the discs 


0i3-0i6 inchs. 2 and 
3» b«G-l«0 lncbs« - 
land4" 

. . ■ .■ 'i . 


0.3-1.3 In chs. 1,2 and 
3. 1.2-2.3.lncL 4. 

1 , ; ■ 


SVI* ml/iSPftm 

COD, lb COD/lbmVSS/day 
. Wday) ... . ■ , 


213 , 
0.155 

i \ 


^ ■■■ ' , ' 

■ ' 212 

. 0.28 ■ • 

— ^ \ 


' 263 ' 

0.20;^ , ■• ' 


" ■ ■ ■ 

268 

' 0'26. ■ 


Influent .. 

COD, mg/l 
, KJeldahli, mg/l 

Ammonitf^N, mg/l 


. .■ ' ' y ■ ■' 
■ - \ .. 
. 749 

. ' " . 39^5 ■ , 
21.3 


' *. 

■ , 791 ■• 
. 39.4 ', 
20.7 . 


p78 

': , 43;1 

28f2 * ■ 


.. . / '723,' ■■ , 
■ ■ 45.0' ■ 

29.2. ■ i." 


Effluent , ■ ' • ■ 
* COD, mg/l 
. Kjeldahl-N,.mg/l 
• Ammonla-N,'mg/l 

mtrlte-N, mg/l 
, Nltrate-N, mg/l ' 
^ COD remav^d, percent 
N removed, percent ' , 


■ OQ 9 ''^ ' 

• . 4.5'' 

, 3.4 

^ Trace 
■. ' 1;4 
96:2 •. 

■ 85.2 


* ■ 4.05, . , 
i" 3.3 , , - ■ 
■0,3 
2.65; 
■ 96^0 .,' . , 
' 81.6 , 


■ 34.4 

■ 6;4 ■ 
3l4 , '. 
Trace • 
3i4'; 
.'94i6 
' 77;3 ■ ■ ' ;' 


37.4 
■ ' 5.0 
' 2.1 

0,6 V: 

iX 

94.5 V, ■. 
. ,72.0 ■ ^ 



the sludge in the South African study was always in a bulking, condition, with SVI levels 
ranging from. 212 to 268 ml/g. This;bulkihg tendency may be a general property . of 
alternating aerobic-anoxic processes, as bulking sludges have developed in other alternating 
aerobic/anoxic'systems (see Sections 5.5.2.3 and 5.5.2.4). 

■ ' ' * . ' * •' • 

It has been found that the cage aerators which are typically emploj^ed in the oxidation ditch 
are not well suited to nitrogen removal applications.67 The cage aerator is not capable of 
^multaneously mixing and maintaining DO control; too much oxygen is imparted to allow 
development of alternating aerobic and anoxic zones while maintaining sufficient ditch 
velocities ( 1 fps or 0.30 m/s) for prevention of settling of solids in the ditch. In one case, the 
problem was soWed by providing separate submerged propellers for mixing which alio we^i' 
the cage* aerators to be managed for 'DO Control alone.67 An aeration system has been 

^ developed that can jboth control the mixing level and the level of aeration simultaneously. 
Vertical shaffaerators are placed at the chaiTnel turning points in restricted areas so that the 
fluid rotation generated by the aerator js marshalled to move the flow around a semicircular 
turn. Po\yer input and the number of on-line aerators can be varied to. control DO level 
while maintaining'su'fficient mixing in the system: Nitrogen femovals of 8,0io:87 percent are- 

^reported.68 .v^r 

5.5.2.2 Denitrificationi in an Alternating Contact Process » 

The novel alternating contact process shown in Figure 57l9phas been tested in Denmark in 
both lab-scale and full-scale tests at wastewater flows up to 1 .5 mgd (0.067 m3/sec).69 The 
process is similar to the oxidation ditch a^pi;oach in that alternating aerobic £tnd anoxfc 
residence periods are provided in contact wuh raw wastewater: The means of accomplishing 
this alternating contatt are very different from an oxidation, ditch, however. 

The operational Sequence consists of the fouj phases shown in Figure 5-19. Aeration air is 
controlled to provide alternating aerobic. ancti|^noxic' conditions. When anoxic conditions 
were required, the aeration air was merely turned down to a level sufficient to keep the 
sludge anoxic but in suspension. Raw wastewater is alternately directed to one or the other 
of the two tanks, according to a predetermined cycle. The cycle that ai^ dividual tank 
passes through is depicted on Figure 5-20.' The operational phasing o£ wastewater addition 
and aeration are shown in addition to the phasing of nitrification and denitrification . 
Multiple liquid exposure to anoxic and aerobic zones is done by limiting the sequence time 
so that an average of 6 to 15 cycles are completed prior to liquid discharge. The effluent is 
discharged Trom the tank to sedimentation only when the tank is* under aeration. 

• * «.',*.■ 
The stoichiometric parbon to nitrogen ratio for denitrification was defined in terms of a 7 
day BOD and found to be fiOD7/N03 -N = 5.2. Denitrification rates are summarized in 
Section 5.2 6, Effluent nitrate levels of 2.0 to 5.0. mg/1 appeared obtainable with proper 
selection of design and operating mode. A full description of the mathematical model used" 
for process design can be found in reference 69. ' ^ 
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FIGURE 5-19 
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5.5. 2!3vrhe Bardenpho Process ' 
. • i' ■ ■ , " ■ " . ■ ■. ' ■ . ■ ■ ■ * ■ ■' • • • , , ' . ' 

A recent South African development for^ nitrogen removal *^^^.u^^^ and 
endogenous - carbon for denitrification is shown in Figure 5-21, Temied the ''Bardenpho'' 
process^ l?y, its developer, the system is a corhbination of two previously develof)ed 
' processes.'^ 'Mix*ed liquor containing nitrate is recycled from the second (aerobic) tank to; 
the initial (anoxic) tank for denitrificati6n.71 Appended t6 the first two tanks is a third 
(anoxic) tank for removing the nitrate remaining in the effluent from the second (aerobic) 
tank. In this -third tank endpgenous respiration is used for denitrification in the n[ianner 
described in Section 5.5.1 . Finally, a period of aeration is provided tp improve sedimenta- 
tion. ■ , : . 



Initial lab^scale tests of the Bardenpho. process showed that pitrog^n removals of 9.3. percent' 
were possible -at recycle fates pf 4: 1 and 1 : 1 of mixed liquor and return sludge, respectively. 
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Under this condition, 5*to 7 mg/l of total nitrogen dppeared.in the 4f^^ pilot test 

of 9 mpnths duration was then conducted to detemiine the long-tenri^^ii^if^ of the 

system on a\scale of 26,0da gpd (100 jn^/day). During the last three months of the study, 
nitrogen removals were in the range of 80 to'<^0 J)ercent61 Observations of denitrification , 
rates ;for the first (anoxic) rank areiSUmmarize^ in Section 5:5.2,5 and denitrification rdtes 
for the third (anoxic) tank Where endogenous carbon is employed are presented in Section 
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FIGURE 5-21 
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The audge. tended to be/w^^^ ^ftling yeryvlit.tle in t^ie Standard' one-liter 

cyUnder SVI tefstV^en w a relatively high SVI w$s obtained (J.SO'ml^^^ 

bulking: sludge condlirbn appears.to be typicarfor alterhatirife. aerobic/anoxic systems, a^d 
care must be employed in design aiid operation to 4eal:w^^^^ 

the Bardenpho process has been tested in a second 26;odO g^^ plant at 

Pretoria, South Africa.'^^ While 'full test results were not available, test ndata from tlie initial , 
few weeks of operation are shown in Table fi;- 12. These;jjata dempilstrate that relatively high 
nitrpgen removals are obtainable With the Bardenpho .process. 
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r . • ; /^\'*'- ' TABLE5-12 ;. ^ - ■ 

/ ' PERFORMANCE OF.THE A^BARDENPHO'^ 

^ AT PRBTORIA, SOUTH AFRICA (REFERENCE 72) 



Parameteg: 



Influent COp» mg/le 
Effluei>t CpD,' mg/I ^ 
Perc^nrGOD removal 
Influent TKN^r riig/l .. / 
Effluent T,KN» mg/l 
Percent TKN' removal 
Effluent nitrate. -^ N, mg/l 
■liifluerit total: nitro^?n^; m^'. 
Effluent total nitrogen^., mg/l' 
Percent total nitrpgen removal 



Period 



Jait. '7 rto Jam 31-, 




Feb. 2 to Feb. 14, 

i.975 



L76 ■ 
48^; 

;73 
15.9 
1.4 
91 

■1.7 
15.9 

3U 
81 - 



Vkn 7 total Kjeldahl nitrogen . . 
^A^sumlng InJflueht oxidized nltro^gen Is' zero, ■ /; 
-Aissuitiing effluent nitrite nitrogen is -zero ■ 



]^^5^^'A^ System,With6ut Internal Recycle / • 

.Irivestigatpi^ af Blue' Plains pilot *plant conceived of stifl 'another way to achieve 

alt^rtiating; aerpfiic; a^ with the system shown in' Figtire 5^2X^^ 

two pass aeration t|mk;;Was provided with separate aeration and ihixing faciliti^ 
baisin^^2 mechanical vmixers were employed to keep the mixe4 UqUor, ih^susi}ension, 
iridependent of the aeration systerti. Air was supplied ialternately to each basin; fir^t 
basin and then to the other in a 30 minute cycle. 60 pissolved oxygen level in the: . p^^ 
aeration was. controlled between 2 and 3 mg/1, while the ailoxic pass decreased ^ zero 
rapidly after cessation of aeration. The pilot process was typically operated at a ;flov\> fate o6 
50,000 gpd (189 m3/day), - ' ' ''v / ^^-^^ / 

... ' ' ■■^:^^FrGURE.5-22-"--\--. i' 
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BLUE PLAINS ALTERN 



iRNi^lNJC ANOXIC AEROmC SYSTEM (REK 60) 

■ p a RAW WASTEWATER ^ ^ ' - 

FeCl3^ 

' primary; 



> 1 



AIR 




N IT R I F/C A T ION DEJ^j IT R IF fCAT ION 
• REACTOR , 



• RETURN SLUDGE 
WASTE : -4: 




SECONDARY- 
CLARIFIER ' 



'SKlum 



■J— Ifilters 



< ■■>■ 
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A'Summary of operating and performance, data for the 9 months of test work is shown in 
table 5-1*3. During 9 months of operation, the plant\ was operated at a F/M of 
\approximate1y 0.1 lb BODs/lb MLVSS/day (0.1 g/g/day), expressed' on the basis of the total • 
inventory in the reactor. This *F/M was sufficiently low to permit the development' of a */ 

mixed cultyre of organisms for carbon oxidation, nitrification ^d denitrification: 

■' . , ■ ♦ ■ 

Nitrogpn removals during the study varied from 54 to 84 percent, biit operational probl^s;* 
contributed to the lower reported removals. These problems may be avoidable in fuU^cale 
operation. For instance, in July and August, ferric chloride addition in the primary 
treatment stage reduced the COD/TKN ratio from 10 to about 7.S\ to 8.0, and resulted in a 
situation 4n. which, the lack of a* sufficient organic carbon source limited the degree of 
denitrificatibn obtainable. The lower removals experienced in Apmaijid May -^ere due to 
the fact that during a portion of each month, the alternate jrafiaMg/aftoxi^^ 
altered to a full aerobic mode to rid the systerti of filamentous 

During September, .^performance deteriorated for an unexpected]lWPWJ The fTow%eet in 
Figure . 5/22 was modified to include, two more reactor stages, prior Ho tne clarifier. In the 
first added stage, anoxic orieT methanol was added to cause denitrification of residual 
riitriTe and nitrate. An aerobic* stajfe^iization step was added as the last sta^e. It was found 
that methanol addition caused*an immediate ammonia increase in the proce^ss. Subsequent 
studieslshowed that methanol i&\bxic to aiitrifiers. / \ 



4 ^ 



Since all operating problems cah.'ije explained, it can be concluded that the system is 
capable of 84 percent nitrogen removal in the summer (23 C) and 75 percent nitrogen 
nJhiovalin the winter (14 C). 



Like in other alternating aerobic/ anoxic studies, it was found that a severe filamentous ' 
ulking condition developed in the sludge, limiting, wintertime clarifier overfiovv rates to 
about 300 gpd/^f 60 Bulking sludge has been observed at low temperatures at Blue Plains 
and at low F/M operation at Blue Plains and at other plants. Whatever the cause of the 
bulking problems, it appears that clarifier , operation will limit operation of Jhis 
aerobic/anoxic system, as it will limit the other aerobic/anoxic systems. 



Kinetic data was obtained during the study. On and off aeration of samples pf .the pilot 
plant mixed liquor was employed over several cycles to simulate operation of the pilot unit. 
Nitrification and denitrificati'on rates determined by this procedure are shown in Table 5-H. 
Nitrification rate$ were similar through all cycles, while denitrification rates decreased as the 
batph reaction continued. Denitrification -rates measured in the first cycle represent peak 
rates possible when a readily available carbon source is available during denitrification. By , 
the third or fourth , cycle, the rates represent' denitrification when the readily available 
carbon is depleted and an endogenou^arbon source is used: Denitrification rafes for jj^ycle 1 
are also presented in Section 5.5.2/5 with measurements of other observors, while rates for 
cycle 4 are presented in Section 5.5.1:. r \ . 
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TABLE 5-13 



SUMMARY OF OPERATION; AND PERFORMANCE FOR THE BLUE PLAINS 
ALTERNATING AEROBJC/ANOXCSm (REFERENCE 60). , 



1973 



Feb 



ui Maicb 
I 



April 



June 



Sept 



Det. 
time 
hr 



j^;lbMLVSS/day 
on 



12.3 

12.3 
12.3 
12.4 
10.5 



6.6 
8.7 



F/M 



'0.072 



0.10 



0,089 
) 0.105 



0,11 



m 

mg/l 
volatile) 



3910 ' 
(74) 
3980 
(73) 
2950 , 

3540 

(67) ■ 

4170 

(69) 

4010 

(69) 

,3040 ■ 

3200 

(57) 
3700 ■ 

(65) 



SVI, 
ml 

V 



245 
256 
330 

•f 

227 



133' 
134 



C0i3/ 
TK|; 
ratio': 



9,6 
. 9.9 

10.5 
■lO| 

10.0 

10.3 », 
• 7.9 
S,.7.5 

10.0 





loflue 


Dtqual 


Itymg/l 


Effluent quality, mg/1* 


Removals, percent 


Temp,, 

c 


BODg 


■ i' 


Kjeldaiil 
iNiirogcii 


• 

BOD5 


SS 

■ i:^ 


Total; 
Kjeldahl 
Nitrogen 


NO] and 
NO^,-N 


BOD5 


■SS 
f 


.Total,. 
Nitrogen 


14.0 * 

\ 


96.5 




*25.7 


20.,i 


15.4 


2.28 


3.99 


■79 


■.&5 


76 . 


' 14.2 




lUo 


\ 

f 

00 0 


^? 


14.3 


■ 1.52 


'4.41 


: 86 


87. 




It c 

. 15.5, 


ilU 


1013 


OA Q 


' ' b 


■15.0 


.4.20 


2.30 


94° 


88 


'74 


^^ 




190 

mo 


• 91 7 

Ail ( 


5.3°^ 

3.3'' 


,13.0 
11.8 


5.20 
.1.36 


. 6.03 . 
■ 8.25 


1 

950 
97''' 


' 89 
89 


' ■. 49 ' ' 

^5^ 


23.0 ■ 


107 


112 


24.0I 




7.8^ 


1,51 


2.30 


•< 

'■93'^ 


93. 




25.0 


•51 


153 


15.0. 


3.8'' 


. 0 


2.14 


2.72 


. .68 ■ 


■ 25.5 


44.'2 




14.9 


2.6''' 


10.0 


1.23 


3.74 

» 


94''/ 


95 


67 ■ 


26.0 


/ 99 


110= 

V 


22.6 V 




16.0 


10.2^ 

1 

1 


0.22 


93^ 


85 


. 54 



'' 7rlojlto filtration ' 
«b 

Nltciflcatlon inhibited 
" Ammonia level .was 9.4 mg/1 as N (see text) 



TABLE 5-14 



OBSERVED NITRIFICATION AND DENITRIFICATION RATES FOR 
BLUE PLAINS ALTERNATING ANOXIC/ AEROBIC SYSTEM 



J 














< 




Peak nitrification or denitrification 
remqrtHl rate, lb N/Ib MLVSS/day 




Mode 


Temp* , 
C 


Cycle 1 


Cycle 2 


Cycle 3 


Cycle 4 


Cycle 5 . 


. i 

Aerobic- 
Nitrification 


15.5 


\J 9 \J O £d 


0 042 




n n9fi 


0.035 




25. 0 


0.083 


0.095 




■ 4 _ . 






27. 0/ 


0.11 


0.11 










26.5 


0.12 










Anoxic- 
Denitrification 


15.5 


0.032 


■ 0.029 


0.021 


0.019 




... . f, - 


.25. .0 


0.055 ' 


0.030 


0.033 


0.030 




• ■ 


27.' 0 


0.042 










* c 

— ^ . 0^ — . 


26.5 


,'0.026 


0.0075 









5 . 5 .2 .5 Kinetic Design of Alternating Aerobic/Anoxic Systems 

.The feUr ^i^:i?ry /\\\o\i can limit denitrification process; efficiency in alternating aerobic/ 
anox/c sysienis using wastewatct jas the carbon source are as follows: 



1. Nitrification 

2. Denitrification 

' 3. Carbon-nitrogen ratio 
r 4. Operationa] mode (process hj^raulics) 



The third factor has been evaluated by several investigators (see Sections 5.5.2.2 and 
5.5.2.4) and Further discussion here is unnecessary. ' 
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retention time, nitrifier growtt^ate^nd removal rates in the ai 
solids inventory imd^ aeirallwr is empIowckThis is becai 



To evaluate nitrification limitatipns on the systejn, nitrogen loads and nitrification rates 
must be taken into account. Most investigators agree th^t the design of the combined'^fearbon 
oxidation-nitrification functions of the aerobic phase dan be separated from' the anoxia 
phase.^j''^^*^'' It has been found that /rtoxic periods up to 5 hours have no impact on 
aerobic sludge activity. ^2;5 9 Therefore, the ^carbon oxidation and nitrification calculations 
for the, aerobic periods can be virtually identical to those advanced for combined carbon 
oxidation-nitrification % Sectif^s^ 4.3.3 and 4.^. In the. calculations of nitrifier solids 

ifobic residence periods, only 
because the environment must be 
aerobic for nitrifier growth to cyccur. As always, a safety factor must be employed. 

Sizing of denitrificatipn steps must^x:onsider nitrite load and nitrate removal rates and 
conisideration of the safety factor^toncept in design. Of the two models formulated for these 
^stems, the safety factor' concept is used dnly for the nitrifi^cation sfep in the Bardenpho 
design, but for some uhapparent reason not for denitrification.^^ The safety fSctor concept , 
was not used for nitrification .or i^itrificatiSh in the alternating contact .process design 

(Section 5.5.1,2\^^ \t miiSt be emphasized'that uqless a safety factor is incorporated in the 

■ • . ■ * p. ■ 

design, nitrogen removal willdeteriorate under peak load ^nditions. 

Most of ihe altefnatihg«pro^^ses employ both wastewater carbon and endogenous carbon 
for denitrification^at somq point in the^ystem. Observed denitrification rates for 
endogenous carbon have been sui^imarized in Section 5.5.1. Experimentally determined 
denijtrificalion rates in altem'atin^erobic/ailoxic systems with wastewater as the carbon 
source ar^hown in Figuri*5-23. When data were reported in terms of MLSS only, volatile 
content was assumed to be 70,^percent to allow reporting on a basis consistent. with the" 
denitrification rates shown in Section 5.2. These rate^ are peak nitrate removal rates, and are 
exprfssed^s Qj^, ysing the terminology developed in Section 3.3.5.2. As can be seen from 
Figure 5-2'3, there is a wide variation in measured denitrification rates in systems using 
wastewater as the organic carbon source. As a result, it may not be a conservative practice to 
use 'tke denitrification rates given in Figure 5-23 ; rather, it would appear prudent to conduct ^ 
pilot investigations^ to verify design parameters for denitrification when wastewater is the 
carfebn source for denitrification. 

The rates for denitrification with wastewater as the carbon 3ource fall belo^ those found for 
methanol as the carbon source shown in Figure 5-2. Median rates kit 20 C%jm* methanol and 
wastewater carbon are about 0.25 lb NO3 -N remoyed/lb MLVSS/day (0.25^ g/g/day) an^ 
0.07 lb NO3 -N removed/lb MLVSS/day (0.0# g/g/d.ay), respectively. .A denitrification 
reactor using a wastewater carbon source would have to be about three and one-half times 
largpr than a denitrification reactor using methanol as the carbon sojifce. 

One cause of the difference in reaction rates between methanol and wastewater carboVi 
relates to biol<5gical availability. Methanol is a simple, easily degraded compound, whereas/ 
wastewater contains a. mix of easily; degraded and hard to degrade compounds. Wastewaters 
may vary in the relative distribution of.easily degraded and hard to degrade compounds, 
thus causing variations fn denitrification rates between locations'. 



V- ' . • >. ■ FIGtjRE5-23' 

EFFEGT OF TEMPERATURE ON PEAK DENITRIFIGATION 
RATES WITH WASTEWATER AS CARfiON SOURCE 



as 
O 

CO 



•0.15 




0,10 



KEY 

SYMBOL UOCA, 

^ ■ . Blue P 

• Austin, 
□ . Pretoria 
A ' Denmark 



0) 
N 



c: 0i05 
o 



Q 







i5 



70 




30 



:THe hj^dirauiib mpde ^^^ation 's|gnificaj^^ a the kij^tid 'dcM^ proefedu^e? Iji aU of 
ttese/systeitiS' Telatively*'com|3leX'^d lengtky;;if^ bal^i^^are-hecessary. to^describei.the' 
system. Noni^1the-less,'Such des&riptions are pcfe^bte andhayjg^g n^^e lo'ped for twq of the, 
alternating ae^rBbic/anb^ici-systems.^ 1 '69, Thg•5g^n^pdels;^|^resel^^ detail in. 

the literatUr^'to allow tlieir nibdifieatiofr-fc^liSe in desi^^ 'JreraWe s^^^ 
required, and the digital compiiter has provei^fuseful }desigri topi .^r^'Tiljie limitation l!>f the^6 
|nodels is that generally i^ijplicable kineftfj:a"^Jrata dre not yet a^ailab^ 
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5:6 Solids-tiqi4d Separation , :/ 

The conside^ions for desigfi'>of sedimentation tanks for denitriOcatiori- systems ar^ ^the^* , • 
same as thos^ disciislsed for nijmfi cation systems in Section 4:10 and those. p.ouits^cpitinxQn^^ 
to. both will not be repeated hiilin. ' -''^ ''''^^^^^ 

'Rising sluj^ge. l]as •occasionally 'plagudd\denitrificatioti r^stenis, depending on sysjtelri 
design.3A7, 1^,4^50 remedy this and ^^ther problems, 'the original suspended gibWth ■ V 
denitrificati6i!^system*.(usihg methanol) .was modified by placing an aerated StabiljzaHqrti;< 
step betweeR the'^.anaftcic denjtjification reactW the denilrification clarifier (t?jgufe\v^^^^^^ 
5-lB).2'3^'?^'^ l This step was .taken because it vyas found that the "conventidnatv.desigHv v- 
was basically^ an ui^table^process.. In the .conventional system, the metlianol: nitrogei\ralio ; 
(M:N ratio)'hacJ.to bi^kept .at precisely the Qp.timumvlevel(2:5 to 3^1s^. AVhen methanolV^ayV^^^^ 
overfed, the efflueht*B0D5^w6iiid rigf . When methanol was ifederfeSvnitrate would bjeey^ f^^^ 
through tc^-the 1$larifier,^a,tid demM^^ would proceed in thel^clarifie^^ the sludgg 
th^ carbon sdyrce. f^'l^ating sludge, biiojc^ed up by nitrogen gas^^ubbl^ caW^ 3L 's^yp0:y.: 
^deterior^iQ^);in jpffiuent quahty. ' . ;^ \ ''''^\<.-V- ■ '■^ri^'^''}:'- ' 

The couplings of^ an anoxic p^iflehce period-ai^d an a^H|rt)ic residence period in: tihQj^m^ 




electron transport sy's|gm wW&ra^e termiAal'-m^^^ mtratg}re]pjac^^^ ' 

as the final electron accep$or.^ Thqse facultaWe 'b^cteriatjc^. ;shift\1^^^^^ 
nitjate to using Jxygen^ajriM vjce v,ersa.Jn£hjp aerWbicrt^kV t?ie excesrmethano:^^^^ 
and the mixed 'ti^^uor solids vjbragji^bi^j^. stabiliz^^d/>Thfe a^ 
purpose of stripping supersaturaf^B nitrdii^ gas from sibltitipri so that iji^tifogen gas! b 
will not fonn durijigsed^flil^tatr^^^^ T . • - ''"'''"^ ./^ ''■^^W-^'^^^^^^ 



A mildly aerated pliysfc^l cijhditionihg ^nnel transf|^ the dQilitrifi%tl<5h 
the final clarifier. Re'j|»gnizijag th^|f^e ven|Jturbulen.t conditiqjps w t|i0^^feraV^^sfaB[^^^^^ 



tank causes floe breakup ^anil dispdpld fines in sus^nsit)n, the'{:^|irp£js^^ of the cl^nny is to 
allow these dispersed particles. to be irfiforporated into floe under 'Md^|^urbu!e 
^ that favor aggregation ^ ''^ M ^' ' • 

Tests of the original >il;)^d mo^ifel^^^^ the Central -Contra Costa 

Sanitary District's Advanced Treatment, test Facility:-2»3,21/5 1 Comp^irig ; performance 
with stabilization to piferfonnanpe yitltout it (Tables 5-lS. and S-ijd); indicates the 
substantiarmerits of the a^rSSed If^bilizatiQ^ank. The test period jvithout Stabilization wa> 
one in which daiiy^adjustn^ents wer^mad]^in the there was little 

if any methanol. bled into tTie ^rfli^t. This is refie^j^Jjun the low soluble BOD5 of 5 mg/1. 
During the test period with ,pcraWd ;stabili^ation,nr^ careful* control was exerted in 
rhethanpl feed which resulted in a fairly high Itl/Mft;atio,of 3.3. B)espite this overfeeding of 
methanol, the effluent soluble /BOD^ rei^nea^S. m^L In Qther words, the aerated 
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stabaization tank formed a»favorable environment for'thi oxidation 'of the e;?ccess methanol. 



Ojie significant Tactor contributing to less siispended solids and turbidity in the effluent was 
thfe development of a ciliate and^rotifer ^^opulation in the culturp. Previpusly . these 
organisms were hot abundant. With a significant aerobic residence .period, these organisms* 

: .v.-."" TABLE 5-15../:- \* f ^ ' ' -^^ 

.EFFECT OF STABILIZAHON TANK ON DE^^ITRIFIED EFFLUENT AT THE " • V 
• .\ CENTRAL CONTRA COSTA SA^JITARY DISTRICT'S ' 

ADVANCED TREATMENT TEST FACILITY (REFERENCE 3) ' ' .;. 



Constituent 

V 


Mean effluent quality 
without stabilization, mg/l 
(Feb. 13 to Mar. 13, 197^) 


r-^^ ^ ^Sr '■ 

Mean effluent quality 

with stabilization, mg/l 

(Mar. 28 to April 20, 1972) . " 


Nitrate as N 




0.7 


Total BOD^' . 


37 /, 


' 6 


Filtered BCD. 

5 




.5 . ^ . 


Suspended Solids 


14 • 


4 .-. • 


Turbidity 






. Total organic carbon 


18 , 


8.6 


Soluble organic carbon 


■ 7 


5 


Teniperature 


16 to 17*^ 


. 16 to 19*^ r 



JTU 



degrees C 



TABLE 5-16 
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DENITRIFICATION PROCES? PARAMETERS AT THE CENTRAL CONTRA CQSTA 
SANITARY DISTRICT'S ADVANCED TREATMENT TEST FACILITY (REF. 3) 



/' ■ ■ ■ 


Without stabilization 


With stabliUzation 




Feb. X3 to 


Mar. 28 to 


jParameter 


Mar. 13, 197.2 


April 20, 1972 


Flow, mgd 


. . 46 


.47 


Residence tim^, hr 




3 


reactor. 


.85. 


. • :82 ' 


.stabilization tank ' . 




.79 


MLSS, mg/l 


3000 


• • ■ 
2500. 


SVI, ml/g . 


143 


... 242 ■ , ■ 


Nitrogen rem lb/lb MLVSS/day 


..23 


■ -,18 I; ■ ' 


MelthanoT/ nitrate - N ratio 


^2.8 


. ■■^x "3.3 . ■ ■ . ■ ■ 

' V'- — ^' 
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"could ^flourish and clarify the liq'uijl. Sulfide odors in the sludge were eliminated by the 
modification. \' ^. x\ • ■'^ 



Ih additiojj. to stabilizing' the^Mdliid, the sld^Jge^s stabilized as wfell. Without the stabilization 
tank, solids appearing in t^^ff/uent contained^abpxit 2.3 lb BGDs per lb of SS. With 



stabilization, ef|luertl solids (^taM leg^ODs.with a BOD5/SS ra|i(^ of 0.25.,Tlie'net effect 
of this is to reduce the effluent BOd^^fom 37 tq $ mg/l. This'reductiorf in BOD5 value of 
the solids is very lilcfely due to^enhghced endogenous respiration in the stabilization tank. 

' . •'. . . . ■ " • " ^ . . 

"Another indic^^ion of sludge stabilization in the aerated stabilizatij^n^^lfi}^ is the reduction 
"in. derii^rificafion rates'dtseryed' in the modified system compafe^l^'ta^^^^ Qonventional 
system. Prior lo the moflificatioh, denitrification rates, were as high as 0.3 to 0.56 lb Nitrate 

' * i ' . ' ■ * . . ......... A 

-N rem. /lb MLVSS/day at lj5 to .13 C anc} these rates were below the peak, limiting rate, qjy, 
as effluent nitrate was always low. This range in rates* is roughly twace the range in ratei? 
shown for the systehi employing aerated stabilization at CCCSD as shown in Figure 5-2. 
While one impact o? aerated stabilization is fo decrease denitrif|cation rates and therefore 
increase anoxic reactor requirements, the other effect of this impact is to render the'sludge 
less active and^more resistant to the rising sludge problem in thd^ devitrification clarifier due 
to denitrification. This is .in agreement with the" conclusions drawn in Section 4.10, where it 
. is sho\yn that the tendency for rising sludge was related to denitrification raJ6.s and sludge 
residence time in the clarifier. "^Rapid sludge removal equipment, such as the ^vacuum pickup 
type, should be provided in all sedimentation tanks to minimize sludge'residehce time and 
reduce the likelihood of rising sludge. 

Similar to the findings with methanol based denitrification, an aerobic step has been 
usefully employed in combffied carbon oxidation-hitrification-denitrification systems, 
Generally, a I to 2 hj residence period is provided prior to mixed liquor separation in the 
sedimentation step, 

Reactor;clarifier interactions should not be ignored. For instance design examples are 
presented in the literature forjblternating aero'bic/anoxic systems where the mixed liquor 
solids are assumes to-be 500b jg|/r(at 14 C) and 7000 mg/1 (at 10 C).^ 1.69 Current U.S. 
practice is; to Hmit n'lixed liqu^ level* below 3000 mg/1 unless clarifier overflow rates are 
reduced to account for the need to thia^n and return the sludge.'*^ Operation at 5000 to 
7000 mg/1 would fequire very l^KT ciafciers to ensure that solids are not lost at peak wet 
>l^atheT flow CDnditions. Bulkin'^udge tends to occur in the combined carbon-oxidation- 
hitrification-denitrification systems which manges even greater conservatism in allowable 
mixed liquor levels ^nd clarifier design th^n would normally be the case. ^ 

5.7 Considerations for Process Selection ^ ( 

• The choice of denitgfication for nitrogen removal mandates the process sequence of 
nitrification-denitrification for nitrogen removal. Two kinds of comparisons in denitrifica- 
tion process selection can be made. First, the nitrification-denitrification sequence can be 



compared to Ihe physicd^hein Second, iiF nitrificatiq^Klem is 

chosen/ ^onlparisons must be made among the denitrification alte mal^e the 

process selection. ' ; 



5 7:^ Gomparison to Physical-Chemical Alternatives 



comparison maip^^ij^^ the nitrification portion of the, sequence an4^ the 
cal-chemical altemai^ves in Section 4. 1 1 .1 need not ^ repeated here. * 



The 

physical 

Total dissolved soUds (Tri^||||^ in the nitrpgen removal sygtem willliave a beairing on 

process selection in many ^t^aiicjivS/I^^^ 

wastewater all^alinity and no change in the total mineral ^d|ent oif lthe water. Both the 

breakpoint chlonSiation and the selective ion exchange pi;oce^Hp to TDS increases. 

. ■ . • ' .- - . : r > * ■■ ■■■■ "' ■■■ A ■ - -■: 

5.7.2 Qioite A^ioJig Alt^ernatiVe Denitrification Syste^^^ 

■ ■ . ' ^. ■ ■ -■'^•v. ■ , ' ' '' ■ ' ■ ' ' ' ■'■ ■* • ■ 

Many of the consider^ons presented in Section 4.1 1 are applicable to denitrification 
system selection and , are not repeated here. Other Yactors affecting process, choice are 
suriimariied in Tkble 5-17. Most of these factors were considered earlier in this chapter. 

r . ■ ■ ■ .-* • ^ ' 

In^some treatment plants, both nitgpgen and phosphorus removal has been mandated.' The 
combined carbon oxidation-nitrificatfon-denitrification systems are somewhat restricted in 
the sequencing of the phosphorus removal step. Chemical addition in the primary treatment 
stage cannot be employed, as this would not leave sufficient organic carbon influent to the 
process to complete denitrification. 

. . ' . . • ■■ ' I- . . • ■ ' \ 

Another factor listed in Table 5-1 7 is stability of operation and degree of nitrogen removal. 
Several long-term tests of denitrification systems usingVmethanol have successfully 
demonstrafed consistently high levels of nitrogef} removal Equivalent .operational exper- 
ience with the combined carbon oxidationrnitrification-denitrificatioh systems will soon be 
obtained, as large-scale experimental work is currently underway in the U^,, Denmark, and ^ 
South Africa, When the results of. this work are available/fair comparisons can be made 
between the t>yo types of systems. Based upon presently available data, H appears tftjat the 
combined carbon oxidation-nitrification-denitrification systems are capable iS.^ 9Q 
'percent nitrogen removal; in comparison, i^ethanol based systems can. achieve 90 to 95 
p&j[cent nitrpgen removal. 

One other kind of coniparison can be made^betweeri the systems using methanol and the 
combined systems. Since the rate of ♦denitrificafion with wastewater as the carbon source in 
the combined, system is lower than with methanor as the carbon source, greater 
denitrification reactor sizes are required fpr the combih^d -system^ This issue can best be . 
analyzed with an example comparing the' alternative systems. A design example for the . 
Bardenpho process has been presented in the literature that can be usefully/ employed for 
the comparison. 61 Specific loading criteria are np't important in this example; for . thes^^ the a 



TABLE 5- i? 



COMPARISON OF DENITRIFICATION ALTERNATIVES 



^ ^ system Type 


Advantages ■ * v 


Disadvantages 


* Suspended growth using ■ 
methanol following a 
'• nitrification stage 

* ■ ' 


Denitrlfication rapid, small'structures retired 
Demonstrated stability o| operation t T * 
Pew limitations in treatment sequence options 
nt^cess methanol oxidatioA step ban be easily ,, 

Incorporated * . . 
Each process in the system can be separately 1 

optimized. { . . " : » 
HiKn degree of nitrogen removal possible . 


• Methanol required ■ . 
'^Stability ojf operatipn linked 
<^ clarifier for biomass return 
Greater number of unit processes 
. required for nitrlficatlon-de- 
nltrlfication ^an in combined 
systems 


. Attached growth (coli^nn) 

^uslng nifthanol foiiowing 
^ a nitrification stage 


Denitriflcation rapid, small structures required 
Demonstrated stability of operation > 
.Stability not linked to clarifler as organisms 
on media 

Few limitations in treatment sequence options 
High degree of nitrogen removal/possible 
Each process In the s3S8tem can be separately 
optimized 


0 — T. T \ : 

Methanol required 
Excess methanol oxidation process 
not easily incorporated 

Greater number of unit processes 
required ^or.nltrification- 
d^hlt rifle atipn than in combined 
system 


Combined carbon oxi- 
«dation-nitrificatix)n- ' ^ ' 
denitrlXicatlon in sus- ' 
pended growth reactor 

\ using endogenous / 
carbon source ' ' . 

v . . ■.■•»... 
■ \f . 


No methanol required 

Lesser number of unit processes required 

■ .-, . . - 

■V 


Denitrlfication rates very low; . 
veiy large structures required . 

Lnwfer'nitnoiyfin than In 

methanol ba|^ed system 

St^illty of operation linked to 

clarifler for biomass return 
Treatment sequence 9ptlons f 

Umitecjl when both N and P. 

rembv^Jrequlred 
No protection provided for 

nltriflers against toxicants 

, Difficirlt to optimize nitrification : 
. and^ienityrification "separately 


Combined 'carbonoxi- 
^ dation-nitrlficalion'- 
denitrlfication in f 
\ suspended growth t 
reactor using wastewater 
carbon source . 

0 


No methanol 'Fpquired \ \ 

Lesspr number of unit processes required 

■ - ■■' V ■ ■' ■ • . 

■ ■ ' ' -J 


Denltrffiijrfinbn rates low; large 
structures required ■■• 

Low^r nitrogen reihoval than in 
methanol based system . ' 

. Stability of bperatlon linked to 

xlariffer for biomass return. 
Teiiliemjy for development of . 
, sludge bulking 
Treatment sequence options 

limited when both N and P 

removal required 
No protection provided for 

nitrifiers against toTdcants 

'Difficult to optimize nitrification 
and denltfTQcation separately 



reader is referred to. reference 61. Reactor residence times are as provided in reference 61. at 
a temperature of 14 C'excepting that the MLSS value lias been downwardly adjusted from 
5000 to 3000 nrig/1, according to U.S. practice. The effect of this is to increase by thd ratio 
of 5/3 the detention times in the reactors in the deSim example. The adjusted residence 
times are shown in Figure 5-24. A methanol-based systS^useful for comparison purposes is 
also shown in. Figur(5 5-24. In this sytem, a combined carbon, oxidation-nitrification step is 

chosen, since if a cdmflined operation provides acceptable treatment for the Bardenpho. 

■"<■■■■■■■■• ■ ■ ■ ^# „ ♦ 

■ . ■. ■ \ . ■.. • • • • ) - A '. .'■ . : ■ 

5-62 



INFLUENT. 
WASTEWATER 



'FIGURE 5-24. 
COMPARISON OF DENITRIFICATION SYSTEMS 



RETURN SLUDGE 



ANOX IC > . 
DEN ITR IF I CAT ION 

TANK (4HR) 



i 



AEROBIC 
COMBINED CARBON 

OXIDATION- 
. NITRIFICATION 

- TANK 



'do' HR) 



I 



. ANOXIC 

deNitrification 

TANK, (5 HR) 



I 



AEROBIC TANK" (2 HR) 



I 



SED I MENTATJON* 
TANK , 
(8 HR) 



1 



DENITRIFIED 
EFFLUENT 



CO 

z 
q: 

UJ 

q: 

o 
o 



a 

UJ 



UJ 
CD 

a 

_J 

<^ 

2 

en 



•.J ■ 

A." Bardenpho Process ( 29 hr) 



-INFLUENT 
WASTEWATER 



COMBINED CAF^BON 
0X40ATI0N- 
N ITRIF ICAT ION 
TANK 

. (10 HR) 



UJ 

e> 
o 

(p 



.u!i 
of: 



INTERMEDIATE 
SEDIMENTATitON 
TANK (4 HB) 



METHANOL 



DENjTRIFICATION 
TANK (gHR). 



AEROBIC TANK (l HR)| 



FINAU 
SEDIMENTATION 
. TANK ^4 HR' 



' CD 
, Q 

'=> 
Id 

a: 



denitrif'^Jd 
erfiuent^* ; ^ . ■ , 

B. A^ternativ^Methgnol 
Based' SYsfttn' (2^ 



■ V. 



■.. ■ ■ • • . .. ■ - / ■ „.■ : . , • v.-'-v 

process it would also work effectively for tiie/opmparative case. Solids retention tinie (and - ; : . 

hydraulic detention tirtie) of i;}ie,jiitrification,^^^ would be the same a§ fdr.tHe nitrification r ■ 

tank in the Bardenpho process^ '/ jr ' 

' ■■>•.•"••■.■;''' ■•■ r ' j*."" V'-V ■.• 

Shice denitrification fates^r are more raj^id, the denitrificaii^n^^ • 

system can be proportionately smaller than in. the'^^^enpiho process. Interpolating . 

denitrification rates from Figures 5-2 a^d 5^23, about 2 houi^ ^ould;be required. A ^ ' 
^ residence time of 4 hour§ is^assumed for sedimentation :tan^k^^^^^ the rnethanol-based system, s 

whereas 3 hours is assumed for the Bardenpho procesV due to the bulking tendency ojf th^ ' 

sludge. Comparing the two alternative systems, ^ 

system requires greater taiikage than the methanol-based system (29^ours compared to 21: n 
hours). In ^ terms of economics, differences in tl;ie systems can be §een as a trade-off of 
capital cost (tjarikage) with ;6perating cost (metha^^ y ^ v. . ' ' ; 
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CJiAPTER6 
BREAKPOINT CHLORINATION 



6.1 Process Chemistry ' ' ^ • . 

• * . • • • ' . * 

' • „' • 

When chlorine is added to dilute aqueOus solutions containing ammonia nitrogen, reactions 
occur which may lead ultimately tcil oxidation of the ammonium Jon to end products 
composed predominantly of nitrogen gas.. When such chemical processes are performed in 
water and wastewater' treatment for the purpose of ammonfS ' nitrogen removal, the 
prbcedtire is termed breakpoint chlorination. This chapter discusses : the theoretical^ 
stoichiometry of breakpoint chlorinatioti, present* the practical proces^ considerations 
which 'influence actual- chemical consumption, reaction end pro^diicts andJrate oMhe 
reaction,.and presents process design criteria. ; " * ' v ^^''^ 

\Recent work at the Blue Plains wastewater treatment, pilot plant^n Washington, Ii.C.|v2,3 
hasconfirmed breakpoint chlorination reaction products. Gas rhroxuatography was used^at 
B^lue Plains tp identify breakpoint reaction products from buffered aquepus wastawater 
samples in laboratory tests. Further confirmation of breakpoint.'r^action end products was 
Qbtained in pilot scale investigations with wastewater effluent of different qualitfes. ' ' 

Breakpoint chlorin;ation tests on domestic wastewaters at the Blue Plains'pilot plant showed 
^,that 95. to 99 percent of the ammonia nittrogen in solution is conver>ed^"to nitrogen gas. 2>3' 
No breakpoint reaction intermediate compounds of N2O, NO 'or N02' were detected. Thp 
pxidiied ammonia nitrogen fraction which did not appear as nitrogen gas' wa^ fbund to be 
made up of nitrate and nitrogen trichloride. . 

6.1. 1 Ch6m.icaliStoichiometry , . - • 

When chlorine gas is dissolved in water, hydrolysis. of the chlorine molecule occurs according 
to' the following relationship: ' ■ ^ 

* . • . * ■ ' ' : » 

• ' Clj + HjO. ^ HOCl + H"^ + Cr (6-l)^ 

, * , (hypochlbrous acid) ; > 

■ ' ' • 1 ' V. ■. • ■ " ' ■ . ' 

The active (oxidizing) forms of chlorine irt solution are hypochlbrous acid and its- 
dissociation product, hypochlorite ion. * 

■: " ■ ■ ■■ ■ - ^ ■ '■ -'^ 

I : HPCI ^ per + K = 3.3 X 10"^ ' * (6-2) 

' ' ■ ■ at 20c v .. _ ; 

where: K = dissociation constant 



The fraction of the total phlorine residual in a sample which is made up of hyp>ochlorous 
acid and Ijypochlorite jon is termed the^ "free available" chlorine residual, The rate of 
dissociation of HOC 1 is very ra^ aj((^ equilibrium proportions are maintained.even when 
.HOCl is continuously being reacted. The equilibrium rplationship betwben HOCl and'OGl" 
in relation to sbiution pH is shown iri Figure 6-1. , , - . , 



FIGURE 64 

RELATIVE AMOUNTS-OF-HOCl AND OCf AT 
VARIOUS pH LEVELS (REFERENCE 4) ; 
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The oxidizing capability of the free available chlorine residual is manifest* in the chemical 
transformatioh of hypochlorous acid to chloride ion (C17). This transformation involves a 
gain of tvyo electrons and a valence change . of the chlorine atom* from "+1" to "-1" , 

Ammonia nitrogeo concentrations of 10 nnig/l to 40 mg/1 may be fou^d in typicaV 
municipal wastewater treatment plant effluents! The source of ammonia nitrogen typically 
includes direct discharge from industri^ prdycesses and* release following hydrolysis.of urea 
and biological degradation of amino aci^s and othpr ofganicl derivatives of ammonia 
nitrogen. The* actual chemical form of ammonia nitrogen in solut^n is pH aiid temperature 
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* : dependent The relative distribution o£ aijimoriia niti'ogen and 'ammonium ion "may be . 
definedaccording to the equation below: , • , . • . . • - . 

V- "~ •. NH3 +.H"!' NH4 •K = 5.0x lO"*° Z ^;'' • (6^3) 

* ■ ■ _ at20C . ■ . .' ' . 

— . • . This relationship is' indicated graphically in Figure '6-2 in relation.to pH of the solution, 
• . • ■ Reactions between chlorine and ammonium in dilute aqueous solution can proceed • 
• according to a number /of competing pathways. Foimation of chloramines^ terrhed 

"corhbined^residuar and.nitrate can occur in the following manner: -i ' 

■ ;■. . / " ■ , . " \ . . , ■ . Z;, ; , .. " • 

. - . NH^ + HOC'l. NFl2Cl(monothloraimne) +^2^ f H"*" . (6-4) 



.NHja + HOCl ^ NHCI2 (dichloramine) + . (6-5) ' 




NHC1^2 + ^0^ — * NCI3 (nitrogen trichloride) + - . (6-6) 



and 



' _ . . : NH^V 4H0Ci HNO3 + SH"^ + '4Cr + H^O • (6-7); 

- J *• ' ' ' * . J 

* 1 

■ • • • • 

The je^ctions arel^dependertt upon, certain process Variables, inclUtling pji, tempSatufe, 
act time, ^nd the* initial chlorine'to ammonia nitrogen ratio (Cl2 :f|H4-N).5^6,7 



contact 



Breakpoint chlorination occurs when sufficient chlorine has tJeen added to il water or 
wastewater sample to cause the chemical' oxidation the ammonium in solutign^D . 
nitrogen gas and other end products. ' * 

Significant aspects of breakpoint chlorination process chemistry y/hich were studied during 
the 'Blue Plains pilot work included identification of the pxedominan't end products of the 
breakpoint reaQtion. Te3ts on municipal wastewater and wastewater treatment plant effluent 
at Blue Plains indicated ^that 95 to 99 percent of the ammonia nitrogen 'in solution was 
convert^. ^to nitrogen gas. Nitrate, and nitrogen trichloride account .fpr^^tfie remaining 
fraction. Th^ overall reaction between .the amnlqirium ion and cWdnne leading to formation 
of nitrogen^s may be expressed in terms of the simplified eqUafiqns below: 

■ . •■ ^ ■ v.- : >-^-''^ ^ ■ 

o ; . NH^ + HOci- NH2CI + + H"^ : - .(6-4) 

■• ' • ;. " ■•• ■ . ■ ■ ' r 

'•NH2CI + O.5 HOCI — -T*^ 0.5 N2l+0:5 H2Q + 1.5 H + 1:5 CL" ■ (6-8) 

^ ^ NH4+ l.*5 HOCl T^-rH^ 0.5 1.5 H'20f2.5^"^+'l.5 Cf - * (6-9)/ 

Sfoichiometrically, 'tFe b^eakptS^^eactidn;;of Equation' 6-9 requires a ^veight, rafio. of 
thlorinp to a^imonia nitrogen af the breakpoini of 7!6: 1 , as shown below: 



/ 



Molecular Weight HOGl 570.9 (expressed as CL) - . ^ 

>' * I ^ . . . ■ - z . 

Molecular Weight NHt = 14.0 (expressed as N) \ 
Therefore, weight ratio of Cl2:NH^ -N at breakpoint: , ^ - 

a2:NH4-N=X'l;5)(7a.9):(l)(14.0) = 7.6:r ' 



Therefore 7.6 parts of chlorine ,are theoretieally required toxhernically dxidize one part of 
ammonia nitrogen in aqueous solution. In practice, the actuaj weight ratio of ctilorine to 
ammonia nitrogen at breakpoint has ranged from about\S: l to 10;l^.Many of;the process 
variables which are known' to affect the total ch^emical requireiTfent for this process have 
been identified and those factors are discussed in subsequent sections. 

6.1^ The Breakpoint Curve ' . 

The breakpoint chlorination curve is a graphical representation ijf cherhical relationships 
which exist as varying amounts of chlorine are added to dilute solutions of ammonia 
nitrdgen. An investigation in 1939 led to the discovery that increasing the chjorinfe dose in 
certain waters resulted in an overairreduction in the chlorine residual measured in the water 
sample^ollowing cont^t.^ The point of rhaximum reduction of chlorine resraual was 
termed ^ "breakpoint". ' ' ^ | 

The theoretical breajcpoint curve shown in Figure 6-3 has several characteristic features. The 
characteristics >of*the breakpoint curve shown in Zone 1' include principally tile reaction ' 
, bet\yeen chlorine and ammonium indicated in Equation 64. The hump of the breakpoint 
curve occurs, theoretically, at a chlorine to ammonia nitrbgen weight ratio of 5:1 (molaL 
ratio of 1:1). That ratio corresponds to the* point at which the reacting molecules ate 
present in solution^n equal numbers.' " v 

The chemical equilibria of Zone 2 favor the formation of dichloramine (Equation 6-5) and 
the; oxidation of ammonium according to Equation 6-9. These reactions proceed iii 
competition -to, theoretically, a Cl2:NH4-N weight ratio of 7.^:1. At the .^breakpoint, the 
ammonium concentration is minimized. 



To the right of breakpoint. Zone ^chemical equilibria include the build-up of free chlorine 
residual as well as the presence oflpiall quantities of dichloramijie (Equation 6-5), nitrogen 
trichloride (Equation ^-6), and nitrate- (Equation 6-7.) j The free chlorine residuals which 
result from dpsages beyond breakpoint are known to be considerably more bactericidally ' 
potent than the combined residuals found at lower chlorine dosages (See Section 6.2.7). 

6.2 Process Application Considerations , 

• ■ ■ • ■ ■ ' ^ • 

The basic theoretical background chemistry must^bev combined with application funda- 
mentals if proper pfocess 'designs and operations are to be achieved in full scale wastewater 
treatment practice. Much -backgrdund work on breakpoint chlorination has been done on a 
laboratory "pure, system" basis and in potable water. This, information is useful, but not 
always applicable to wastewater treatment considerations. Generally, ^^Hpresence of high 
^doncentrations of ammonia nitrogen and other amino substances as y/ell as the presence of 
other chemical constituents in wastewater effluents' contribute to the discrepancy between 
some data available from laboratory testing and that colle'cted ii) actual wastewater 
treatment applications! , ' . . 
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; FIGURE 6-3 



THE0RETICA^3RE^KPt«NT CHLORINATION CURVE 




O 5 7,6 

' CI^-'NH^-N' WEIGHT RATIO 



6.2. 1 Chlorine Dosage Requirement ■ , : 

^ ' . ■ ♦ ' 

■ % 

The total amount of chlorine which must be added to wastewater to achieve breakpoint is 
affected by the chemical nature of the wastewater and by the conditions which exist in the 
zone where the reacting species come into contact. Several imiportant factors which should 
be considered in-breakpoint chlorination process application and design are discussed below. 

'6.2.1.1 Effect ctf .Pretreatmentv ' ' . . ^ 

The degree of treatment which a wastewater stream receives prior to breakpoint 
chlorination effects botji the chlorine dosage and end-produqt distribution. The relationship 
between pretreatment arid nitrate and nitrogen trichloride formation' is discussed in Section 
6.2.2.. ■ / . ' ^ ' . ' 



The chlorine demand of a wastewater tieatnfent plant effluent sample is the total chlonne 
oxidative capacity consulted during a given period of time by su1)stances in solution which 
do not result in measurable chlorine residual or chemical oxidation of ammonia nitrogen. 
This is the chlorine oxidative capacity which is essentially "lost" ffom^ p^ticipation in'the 
desired breakpoint reaction. Qilorine, demand may be exerted by a numbej of substances" 
commonly present in , wastewater, inclu(Bng S^'^jHS'^SO^-jNO^jFe^"*", phenols, amino 
acids, proteins afid carbohydrates.^ , 

.Generally, as the degree of pretrea^ment of wastewater is increased, the chlorine demand- 
exerted by the substances noted above is reduced. One particularly important factor is that 
if a treatment process employing anoxic conditions^recfedes a chlorinatipn facility, 
substances .in srolution may be converted fromi an oxidized to a reduced form and the 
chlorine demand may be substantially increased. * 

Laboratoiy and pilot plant studies of breakpoint chlorinati'on at the BluK Plains pilot 
plant^»2 and at- Sunnyvale ^ have shown that increasing levels of pretreatment decrease 
the amount of chlorine required to achieyejhpeakpbint. T-able 6-1 shows- thati laboratory 
tests on buffered distilled water coataiping only ammonia nitrogen reached breakpoint at a 
Cl2*NH4-N ratio of 8:1, a level near that preificted by chemical stoichiometry (7.6:1), In 
comparisonya raw wastewater required a Cl2:NH4-N. of 9:1 - 10:1 to reach breakpoint*. 
Ammonia nitrogen concentrations in the samples following breakpoint were found to be - 
consistently in the range of 0.2 mg/1 or less. Pilot plant scale testing of breakpoint 
chlorination processes has confirmeld chlorine dosages predicted through laboratory work^^^ 

6.2.1^2 Effect oTpH and Temperature , . 

Laboratory studies at Blue Plains^ in which buffereTd distilled ammonia nitrogen solutions' 
of 20 mg/1 concentration were subjected to breakpoint chlorination dosages showed a 
definite optimum pH for breakpoint in the range of pH 6 to 7. The chlorine dosage at- 
op timum pH levels was found to be Cl2:NH4-N of 8:1. Breakpoint tests conducted outside 
the apparent optimum range of pH 6 to 7 showed an appreciably higher chlorine 
requirement for breakpoint and slower reaction rates. 

Comparable tests carried out with filtered secondary effluent did not show a clearly defined . 
relationship between pH ancf Cl2:NH4-N to reach breakpoint. Formation of other 
nitrogenous residuals (NO 3 and NCI3) was considered to be the controlling criteria in 
.selection of the optimum pH operating r^ge of pH 6 to 7 (See' Section 6.2.2). • \ 

: .. • . ■ - ' • • A' 

J'here is no evidence^^that- ordinary variations in the temperature of wastewater effliienft 
affect the Cl2:NH4-N.to re^ch breakpoint. , y; 

- ^.2. 1.3 Initial Mixing of Chlorine > . ^ ' - 

The significance of initia**mixing in certain unit processes of sanitary engineering has been 

• , »_ ^ • ' '<j , ' ' . ■ ^ 

. ■ 6-7 ^ ■ ■ . :' 



•TABLE 6-1 



EFFECT OF PRETREAtMENT ON CL : NH>N BREAKPOINt RATIO 



1 



1 ^ 



Sample 



Breakpoint 
. PH/.. 



Initial' , 
.NH.-N 

, (mg/1) ■: 



'nnal,, 
: (mp/1) ■ 



Irreducible 
minimum , 
residual 

(mil as-cy 



''Breakpoint" 

. - ratio 
' C1^:NH+-N : " 

(Weight basis)' 



Ref 



Laboratory Tests 



Buffered water 
Raw wastewater 
Lime clarified 
raw wastewater 
Secondary effluent 
Xime. clarified ' 
secondary^ effliient 
; Ferric chloride" . 
clarified raiv^^ ; 
wastewater- . ' ' 
carbon adsprlption 



.6r 7 
6:5 - 7.5 

6:5: -.7.5 
6.^'- 7:5 

'4-. 

6.5 - 7.5 



20 ■ 
15 . 

11.2: 

8. 1' 



.'3.2 



10. 2;' 



0.1 
.0.2 

0.1 
0.2 

O.i' 



0.1 



0.6 

7 , 



^7, 
4 




\ ., 8:1 - ^:1 
, ■8:1 - 9:1 

. t ■ , ' 

; 8:1 



/I 
20 




^2:1- 



2 

I* 

2 



■12 



Filterect secondary' 
effluent 

Lime darified raw 
wastewater-filtere.d . 
'Alum clarified ' 
. oxfdation pojid 
•effluent-filtered 



Pilot Plant Tests 



6/8: 

7.0,-7.3' 

6.6 • • 



-21.0' 



;^,9J -:12>|'0.4 h r;2 



20:6 



0.1 



2 r 8.5 



8.4:1 -'9.2:1 



9: 1 



/•2 , 



7.6 



9.6: 1 



;amply demonstrated. Tests '^ hav^ shown significantly improved alum coagulation 
efficiency as a direct result of increasing the level of turbulence of mixing in the zone of 
alum application to a water sample. Improved disinfection efficiency in laboratory tests was 
also noted when the application of chlorine to a wastewater effluent was accomplished at 
increased levels of turbulent mixing. ' *• . . 

,."'[ ■' ■ ■ • ■ ' ■■ ■ f ■ ■ . ■ 

Recent data from Blue Plains '4 have shown the- total chlorine dose required to reach 
brealc^pbint is not affected by initial mixing conditions to th^ degree which was first 
reported. A nurpber of pilot plant tests with, secondaiy. effluent in which the chlorine was 

, dosed into a mechanical mixer showed no differen'ce in^the efficiency of chlorine utilization 
whether or pot the piixer was operating. Other laboratory studies have showa the 
Cl2.*NH4-N ratio at breakpoint to be unaffected by the degree of mixing in the reaction 

' zo'ne. . ■ ■ . • . .. • ' 

In plant-scale design of breakpoint chlor^ation facilities, a quantity ^of hydraulic /or 
mechanicar energy sufTicient fo facilitate rapid and thorough blending- of the chlorine 
solution, pH adjustment chbmical and flrocess influent should be provided. The blending of 
chemicals with the process influent initiates the breakpoint reactions and allows completion 
of the breakpoint reaction within the contact zone, provides the basis for' containment of 
process odors and assiires process consistency, a necessary prerequisite for^^Jt^ig feedback 
element of process control (Section 6.3). / ' . 

6,"2?2 Residual Nitrogenous Materials " ' ' 

Nitrate (NO3) and nitrogen trichloride (NCI3) are occasionally found iir+Hy^effluent from 
the breakpoint chlorination process. Both compounds .can be found/In varying^ con- 
centrations, depending upon the degree of pretreatment and pH in th^/reaction zone. The 

; total conceivtration of these residuals seldom exceeds 10 percent afxhe influent ammonia 

. nitrogen concentration. 2 . / 

Nitrogen trichloride is a particularly volatile compound which exhibits a very strong 
chlorinous odor. It is ah extremely strong oxidizing agent, having/beefi iused for many years 
in the bleaching of flour, Fprmatipn of NCI3 in breakpoint chlorinationV even in fairly small 
concentrations^ is undesirable because of the obnoxious an^ dangerous cnaracteristics ofthe 
compound in t^ie gaseous form. Nitrate formation in breakpoint chlorination should be 
avoided since it represents a reaction product which has consumed considerable ambxints of 
chlorine. (Equation 6-7) and because it reduces the pveraU nitrogen removal capabUity of the 
breakpoint process. ' 

Table 6-2 presents data on the effect of wastewater pretreatment on the formation of 
residual nitrogenous materials.at breakpoint. Although the investigators concluded that 
NCI3 formation decreased with decreasing pretreatment, it appears that very highly treated 
effluent may be bi'eakpointed with the production of negligible levels of NCI3. Nitrate 
production was similar at each treatment leyel. ;' ^ 



TABLE 6-2 



EFFECT OF PRETREATMENT DN FORMATION OF • 
NITROGENeUS RESIDUALS AT BREAKPOINT (REFERENCE 1, 2) 



. Sample , 


Initial 
Ammonla-N Cone . 
(mg/1) 


NCI3 Cone . at 

Breakpoint 
(mg/1 as 


NGo Cone at 
Breakpoint 
(mg/1 as N)^ 


Raw Wastewater"" 


15.0 


0.0 / 


0.3 . 


Lime Clarified and 
Filtered Raw Wastewater 


11:2 •' 
8.1^. 


0.25. ' ,v 


N 0.45 


'Secondary Effluent 


' 0-13 f ., 


0.24 . 


Lime Clarified and 
.Filtered Secondary,. 
Effluent ' 

a _ - _ _ 


9.2 


/ 

■i 

0,0 • *; 


0.2 



%H Range = 6.5 to 7.5 



Laboratory and pilot-scale tests have confirmed the pH 'sensitivity of NCI3 formation in 
breakpoint chlorination. -Pilot-scale tests of filtered secondary effluent showed 0*.33 mg/1 
Nd3 (as N) after breakpoint chlorination at pH 6; at pH 7 and above, NCI3 concentration 
was reduced to about 0.05 mg/1. Nitrate formation was found to be slightly a'ffected by pH " 
at breakpoint. Nitrate concentration ifl pilot tests of filtered secondary effluent ranged from * 
about 0.7 mg/1 (as N) at pP 6 to r.O mg/1 (as N) at pH 8. 1 

Figure 6-4 shows the consequences of chlorine dosages beyond breakpoint on the formation 
of nitrogenous residuals. Nitrate production following ' breakpoint chlorination of lime 
clarified filtered secondary effluent (breakpoint at Cl2:NH4-N of 8:l)_.sHowed aJinear ' 
increase in concentration at increased chlorine dosages. Nitrogen trichloride formation was 
noted beginning at Cl2:NH4-N ratios exceeding 9:1. Cltfse control of chlorine dosage levels 
in breakpoint is shown to 'be an important factor in minimizing production of these 
residuals. • 

Pilot testing of breakpoint chlorination at Blue Plains showed that variations in temperature 
from 5 to 40 C did not affect the final distribution* of nitrogenous residuals in the effluent 

Awareness of thgrpH sensitivity of formation of NO3 and NCI3 has \ed to formulation of 
two specific recommendations for design of plant-scale breakpoint chlorination , facilities. 
First, the pH adjustment chemical (Section 6.2.3) should be added to the chlorine solution 
prior to application of the chlorine solution to the breakpoint chlorination process influent. 
Without premixing of chemicals, disproportionate mixing of chlorine solution and pH 
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FIGURE 6-4 



EFFECT OF Cl^:m^ -N ON NITROGEN RESIDUALS IN 
LIME CLARIFIED HLTERED SECONB^ARY EFFLUENT (REF'. 1) ' 
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ac^ustment chemical in the.breakpoint reaction zone can result in "pockets" of liquid in the 
breakpoint reaction zone not at the desired pH level. Occurrence of the breakpoint reaction , 
in such "pockets" cduld'lead to formation of excessive concentrations of NO3 and NCI3. 

A second design recommendation is' that the operating pH for breakpoint chlorination 
should be maintained at pH 1. This pH allows optimal Cl2:NH4-N ratios and reaction rates 
and also reduces the NCI3 production and attendant* odor production to about 0.2 mg/l or 
less, as long as careful control over chlorine dosage is maintained. 

In summary, the design engineer should be cautioned that a poorly designed or maintained 
s^fstem for breakpoint chlorination pH and chlorine dosage co'ntrol can result in the 
generation of chlorinous odors due to the formation of nitrogen trichloride. However, it 
appears that if appropriate eare is exercised in the design and maintenance of pH and 
chlorine dosage systems, tlte , breakpoint chlorination process can function satisfactorily 
without the need for odor control facilities. ' . 
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o,^.^ AlKalinity ^supplementation 

In the addition of chlorine to a wastewater sample for the purposes of breakpoint 
chlorination, acidity is generated through the hydrolysis of chlorine gas (Equation 6-1 ) and 
oxida.tion of ammonium (Equation 6-9). Theoretically, four moles of hydrogen ions ar>e: 
generated for every mole of ammonia nitrogen which is oxidized with chlorine gas^ 

•■■ _ ^ ' . ■."■}■.• 

1.5 CI2 + 1.5 i- 1.5 H0C1+ L5 H"*'+ 1.5 Cf - (6-1). 

NH4 + 1 .5 HOCl ^ 0.5 N2 + 1 .5 H2O + 2.5 + 1 .5 Cf (6-^) 



K5Cl2,+ NH4- 0.5N2 + 4H"^+3Cr : (6-10) 

The buffering capacity (alkalinity) of the breakpoint process influent is consumed by the 
acidity of Equation ' 6-10. Stoichiometrically, 14.3 mg/^of alkalinity (as CaCOs) is 
consumed for each 1.0 mg/l of ammonia nitrogen which is oxidized in breakpoint 
chlorination. In actual practice, around 15 mg/l alkalinity is consumed due to the hydrolysis 
of chlorine needed beyond that predicted by stoichiometry'. 

It is apparent that if the ammonia nitrogen concentration in the breakpoint process influent 
is higli, or if.ihe wastewater alkalinity ^ relatively low, insufficient buffering capacity will 
be available to maintain the process.pH at a reasonable level. Any alkaline substance may be 
used to supplement the natural alkalinity for pH control but sodium hydroxide (NaOH) and 
lime (CaO) are the compounds most commonly used. If all. of the acidity generated in 
breakpoint must be neutralized through chemical addition, 1.50 parts of sodium hydroxide- 
(NaOH) would be needed for each part of chlorine, or 1.05 parts of lime (CaO) would be"" 
needed for each part of chlorine. In practice, the alkalinity of the process influent may 
supply a portion of the total buffering capacity needed under breakpoint' conditions. If a 
highly alkaline^stream is to be treated (such as might result from a lime precipitation 
process), alkalinity supplementation would not be needed and, perhaps, acid addition would 
be needed to achieve Jhe recommended operating pH Of 7. Irt situations where breakpoint 
chlorination is used for removing low ammonia nitrogen residuals (< 3 mg/l) from 
nitrificaton process -effluents, there may be sufficient remaining alkalinity to buffer the 
water without the need for addition of neutralizing chemicals. 

6.2.4 Reaction Rates ?i 

The reaction' rate for breakpoint chlorination has not been measured quantitatively, but 
several investigations2il 1 have noted that, the reaction is very rapid. According to reaction 
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rates e§tatffished by Mo^rris,^*^ th£ reactYon l^etween ammbnium and hyppchloroys acid" 
(Equation 6-4) to form monochloramine is 99 percent complete in 0.2 seconds at pH 7 and 
Cl2:NH4-N of 0.2:1. The optimum reaction pH was shown te be pH 8.3, allowing 99 
percent conversion to monochloramine in 0.069 seconds. Obviously, the rat^ ^f this 
reaction i5 important in breakpoint ^since it is the first of several sequential reactions.^ 
• * . ■. . . , . ♦ . • . ■ ■ > ' 

Laboratory studies have shown the breakpoint reaction rate to vary,;depending upon pH., At 
^pH levels between 6 and l] the breakpoint reaction was found to proceed-to completion in 
less than 15 seconds- when ^condary effluents were tested. Wl^en reaction rates at pl^ levels 
outside the optimum 'range\ of pH 6-7 were tested, the fate was foynd to.be slowed 
considerably. At pH 3.5, for example, the breakpoint chlorinatjon reactions were not 
complete foUo^ng two hours pf contact. ^ 

The rapid rates noted for breakpoint reactions conducted in the pH range of 6-7 lead to the 
design recommendation that a breakpoint chlorination contact period of one minute is 
sufficient for plant-scale applications. The design of the contact basin should provide, as 
closely as possible, a plug flow cwitact regime. The blending of breakpoint chemicals with 
the process influent should be carned out as indicated in Section 6.2. 1.3. ^ ■ 

6.2.5 Effect on Jotal Dissolved Solids . . ' 

In many instances where high levels of wastewater Jreatment.are required, total dissolved 
soiids (TDS) limitations may be a controlling criterion in the selection of alternative 
treatment . 'processes. Breakpoint chlorination can involve the addition of large quantities of 
chemicals to solution. The TDS increnient attributable to eadi of several chemicals which 
. may be utilized in breakpoint chlorination iCsummarized in Table 6-3. 



TABLE 6-3 

EFFECTS OF CHEMICAL ADDITION C5N TOTAL 
DISSOLVED'SOLIDS IN BREAKPOINT.CHLORINATION 



Chemical Addition 


TDS Increase : NH^-N 'Consumed 


Breakpoint with chlorine gas 


: 1 


Breakpoint with sodium 
hypochlorite 

* . " ■ 


V ■ ■ [ 
7.1 :' 1 .\ ' 


. Breakpoint with chlorine. gas - 
Neutralization of all 
acidity with lime (CaO) 


12.2 : 1 


Breakpoint with chlorine gas - . 
Neutralization of all acidity 
'with sodium hydroxide (NaOH) 


* , ■ ■ . 

* 

■ ■ 14 .8 : 1 : -s,,. 
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If breakpoint chlorination is contemplated on a wastewater effluent stream which contains 
20 mg/1 ammonia nitrogen, the increase of TDS in solution following addition of chlorine iff 
the gaseous form would amount tp' 1 24 mg/1. If all of the acidity generated in the hydrolysis 
of chloriii^ and the, oxidation of ammonium is neutralized with lime (CaO), the total 
inbreasrtfTTDS would amount to 244 mg/1. : S ' 

6.2.6 Rjeactions with Organic Nitrogen / - 

Studies at Blue Plains^ found only "slight reduction in organic nitrbgen within the two hour 
contact time." The data of Lawrence, et al. 15 sho.wed a decrease in organic nitrogen from 
3.2 mg/1 : ?.5 mg/1 , to levels of 6.2 mg/1 - 0.4 mg/1. / More recent data' 1 collected in 
Sunnyvale, California also show an apparent decrease in soluble organic nitrogen following 
breakpoint (Table 6-4). 



: • . TABLE 64 

; ' EFFECT OF BREAKPOINT CHLORINATION 
ON SOLUBLE ORGANIC NITROGEN (REFERENCE 



1)^ 



Date, 1973 


Soluble Organic Nitrogen 
before Breakpoint 
• (mg/1 as N) 


Soluble Orgahlc- Nitrogen 
after Breakpoint 
(nig/l as N) 


.8/30 
■ 9/4 

9/11 
.9/12 


• 2:7 
2.8 
■ 4.6 

' . 4.7 • 


1.0.. 

1.7 

1.-3 

2.0' / . 



Soluble organic nitrogen determination conducted on filtrate 
from 0.45yx membrane filter. Wastewater treated w . 
treated oxidation pond effluent . . 

TafSsl6 reported in 1953 that the 'concfefitrStioh of urisubstituted ammo nitrogen of many 
common amino acids was reduced slowly by^rfeaction, with chlorine. Organic nitrpgeri in the 
more complex form of proteins was practically unaffected by 9hlorine over a' period of 
several days. The degree of organic nitrogen reduction through breakpoint chlprination is 
likely a function of the relative proportion of proteins to the simpler hydrolytic products 
(including amino acids) of the protein rtiolecules. In summary, the true reductions in organic 
nitrogen with breakpoint chlorination are difficult to predict. 

The presence of organic nitrogen in solution Bfbreak^qint has also been shown* to effect the 
shape of the breakpoint curve 4 jt has been noted that waters containing a mixture of 
ammonia nitrogen and organic nitfogen did not display the classic "dip" of the breakpoint 
curve.^'7,j8,19 j^e irreducible minimum, residual was found to be appreciably greater when 
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organic nitrogen was present than when the sample contained only the hiorganic ammonia 
nitrogen form. 

6.2.7 Disinfection ^ . . 

• ■ • ' - ■ * ^ . , f, 

Under normal conditions, disinfection of a noh-nitrified wastewatjpr effluent stream with 
chlorine is mainly accomph*shed by the form of combined chlorine residual known as' 
monochloramine (NH2CI at pH 7.0). When contact for disinfection is provided downstream 
from the .^eakpoint chlorination process, tlie free chlorine residual' in solution following 
breakpoint -^wiU provide much higher bactericidal potential than with monochloramine. 
■alone.- • ^ • 

Figure 6-S is a comparison of the germicidal efficiency of hypochlorous acid, hypochlorite 
ion- and monochloramine. Figure 6-1 sho'ws the ionization characteristics Of the" hypo- 
chlorous acid at various pH levels.'The d>ta of Figure 6-5 show th^ hypochlorous acid is a 
far more effective germicidal agent than either hypochloriter^n or monochloramine. 
Formation of hypochlorolus acid following breakpoint, chlonnati on will, therefore, 
considerably enhance the /capability of a wastewater disinfection system if- an efficient 
contacting system is. provMled. - ^ > . 



6.3 Process Control Instrumentation 

3oth South African2v and American res§archers^^^ haire reported that if a continuously 
functioning breakpomt chlorination process is to be a consistent and reUable environmental 
engineering unit pnzfcess, the system must be capable of fesponding rapidly to changes in 
ammonia nitrogen /oncentration, chlorine demand, pH, alkalinity and flow. 

6.3.1 Proc^ Control System. 

Failure of th^ chlori/ie dosage control system to respond adequately to changes in process 
con(fitions/can re/ult in a substantial loss in nitrogen removal capability as w^ll as 
potentiall/^ddin/ significant overdoses of chlorine to the process. Overdoses of chlorine to 
the system are af direct waste of this chemicaf, they result in increased difficulty of pacing 
the de;i!hlorinafion equipment.and can cause the direct discharge of high concentrations of 
chlocme residuals to the receiving water. ' ■ ^ 

■ ■ ' ' . ' i .. ■ . 

1.3.,l.l Chlorine Dosage Control . 

■ • ■ ■ ■' . . %' •'. 

/a function diagraS^of the breakpoint chlorination process control system is shown in 
Figure/6-6. This system 'is the same as that used in the pilot plant testing of breakpoint 
chlorination at the Blue Plains pilot plant in Washington, D C. The control of chlorine 
dosaie is accomplished by a combination feed foreward and feedback control loop. The 
feed foreward component utilizes ammofiia concentration and flow signals together with a 
Wnually selected multipUer to establish an approximate chlorine dosage to achieve 

J ...» . • % 

\ ■ -6-15 ' : ■ 
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• " FIGURE.6-5 

'^COMPARISON OF GERMICIDAL EFFICIENCY OF 
. HYPOCHLOROUS ACID, HYPOCrfLORlTE. ION, AND - • 
^ MONOCHLpRAMINE FOR 99 PERCENT DESTRUCTION 
. ' OFE. COLIAT2-6C (REF. 20) . . 
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FIGURE 6-6 



BREAKPOINT CHLORINATION CONTROL ■ FUNCTIONAL SCHEMATIC 
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bre^pbint. The manually preselected multiplier corresponds to theT CI ;^:NH4-N . ratio 
required for breakpoint and varies from values of about 8 to 10. 

The feeidback control l6op involves meas^iirement of the free chlorine residual in the process 
effluent The level of m^ured free chloru\e residual is compared to a setpoint value 
(usually -2-4 ;ng/l) using a standard process controller and a signal is generated which 
provides a -^trimming" of the chlorine dosage to the system. . 

6,il.2pH Control ^ ' , ^ 

Under most circumstances, a base is added to the breakpoint" process to neutralize a p^drtiori 
of the acidity geher^d in the chlorine addition (Equations 6-1 and 6-9). The base 
requirements at a 'p.a^^lar installation are related to wastewater alkalinity, individual 
treatment processes employed prior to breakpoint chlorinatiori as well .as pH or alkalinity 
restrictions. which might be imposed Upon the breakpbint^effluent. ^ 

' '*■•' ■ ■ " ■ • ■ ' ■ . " '• . . • 

pH control in the breakpoint chlorination process may be effectively achieved using a 
combination feed foreward and feedback "system. The feed foreword component of the 
system involves pacing the base addition directly on the chlorine application rate. This 
accomplishes neutralization of a preselecfed portion of the chlorine aciidity. A feedback 
IdOp is employed to "trim" the system to a designated pH level. Accurate pH control of the ' 
process promotes efficient utilization of ifchlorine and can reduce or eliminate undesirable 

end products of the reaction. , ^ .vv 

. ••■ ■: .v/'c ' ■ . ; ■ ■ . • ■■■ • 

' ' 6.3.2 Process.Control Components ' ^z* ^ 

Effective* control over breakpoint chloi[inatidh requires utilization of accurate and reliable 
sensory eqdipnieritMn this regard two" components deserve special atteirii^on; namely the 
ammonia nitrogen and free chlorine monitoring elements. 

The antmonia nitrogen and free chlorine m.onitoring device which was used during the Blue 
Plains pilot testing of break point' <ihlorination was an automated wet chemical analyzer 
using colorimetric techniques to measure the ammonia nitrogen and free chlorine 
concentrations in small individual samples of the process influent. A continuous-duty free" 
chlorine residual analyzer was also su^icessfully used at Blue Plains to provide a feedback 
signal fdr breakpoint chlorination control 

■ ■ ■ ■ .■■ ■ / 

6.4 Dechlorination Techniques - , 



.Dechlorination is a unit process which eliminates the active chlorine residual in solution 
prior to effluent discharge or additional treatment steps. Current emphasis on.eliniination of 
chlorine residual from wastewater treatment effluents has resulted in dechlorination 
requirements in many cases. Frequently, dechlorination will be required as a companion 
process to breakpoint chlorination. Dechlorination techniques using sulphur dioxide and 
activated carbon may be used- 

• •• ' * .. 6-18 - ■ . : .. 



6A1 Sulphur Dioxide Dechlorination - . \ 

Sulphur dioxide is a colorless, odorless gas which hydrolyz^s in aqueous solution to form 
sulfurous acid, a strong reducihg agent. When added to .a salnplb containing active chlorine 
residual (oxidizing agent), the chlorine residual is converted to^a non-toxic form, normally 
chloride ion. >^ 1 / 



6.4! 1.1 Stoichiometry 



/ 



Sulphur dioxide reacts with both free and combined forms of chlorinereslduals according to 
the expressions ndted below: - . 

a. Reaction with free chlorine residual (i.e. HOCl) / 

\. * SO2 + H2O— HSO' + H"^ • 1^ (6-11) 

, ', HOCI + HSO3 ^ Cr + S04 + 2H'^ / ;• ' (6-12) 



SOj +HOa-tjH^O— ^ a" + S04 + 3H"^ (6-13) 
b. Reaction with combined chlorine residual (i.e. NH2GI) 



S02 + H^0 — HSO;+JH+ ■ (6-11) 



I^HjQ + HSO3 + er + S0~ + NH4 + h"^ (6.14) 



' + NH2a'+ 2H2O a" + SO4 + NH4 + 2}t (6^1 5) 

Several important observations can 'be made from the chemical reactions presented in 
Equations 6-11 to 6-15. First, both combined and free chlorine residuals are reduced to 
chloride ion following the reaction. The sulfite ion is correspondingly oxidized toihe sulfate 
jon. Both chloride and sulfate ions are usually present in abundal^ce in wastewater,. so that- 
the additional inclement added in dechlorination is usually insigni \ . 
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The predictiohs of sulphur dioxide dosages^required for dechlorination (Eq 6-13 and 

^6-15) suggest an .502:Cl2 molar ratib of 1 : 1. This correspond^s to a weight ratio of 0.9:1. In 
practice, 0.9 to 1.6 parts of SO2 are requfred for dechlorination of 1.0 part of chlorine 
residual (expressed as CI2).' * 

The acidity generate'd in dechlorination, while appearing to be significant on a molar blasis, isi 
seldom an important factor in practice. Roughly 2 mg/1 of alkalihity are'cohsumed for each 
1.0 mg/1 of stilpliur dioxide applied. The chlorine residual remaining in solution following 
breakpoint cMorination and disinfection contact. is usually low enough (approximate range 
of 1 mg/1 to 8 mg/1) so. that the alkalinity consumption ^d pH- change resulting frpm. 
sulphur dioxide addition may usually be neglected.: ' * \* ; . 

6.4.1 .2 Reaction Rates 

The rate of reaction betvyeeh SO2 In solution and chlorine residual is pr^tically 
^tantaneous. Thfe high speqificity of SO2 in solution for the chlorine-residual and the rapid 
reacljon . rate tend to'Sreduce to very low levels comipeting side reac^jpfts which could result 
in waJ|tage of the sulphur dioxide. - . ^ 

6.4. 1 .3 Significance of SulphCir Dioxide Overdose . r 



v. 



Sulphur dioxide dechlorination is most often accomplished to eliminate the chlorine induced 
toxicity in a wastewater effiuSnt prior to discharge. Studies on primary and secondary 
effluents23>24 have shown that effiuSnt toxicity following chlorihation-de'chlorination/as' 
measured by fish bioassay, is reduced to a level slightly beloW that measured on comparable 
uhchlorinated effiuent. These studies indicate that sulphur dioxide dechlorination can 
eliminate acute toxicity related to chloritie residual. Tests in.an aerated con tinuous-fiow fish 
bioassay apparatus at sulphur dioxide overdoses of aboUt 70 mg/1 (as SO2) beyond that 
necessa:ry for dechlorination showed no adverse effects on the test fish. 

Large overdoses of sulphur-dioxide should be avoided in pl^nt scale dechlorination systems 
because of chemical Wastage/and the oxygen demand exerted by the excess sulphur dioxide 
in* solution. Excess sulphur dioxide reacts slowly with dissolved oxygen' in seliition 
according to the following equation: ' t 

* HSO3 + 0.5 O2 — ^ SO4 + H+ • ' ■ .(6.16) 

The. net result of this reaction can be a reduction in wastewater effiuent dissolved oxygen 
and an increase in the measured effiuent COD and ^OD levels. Proper control, of the 
dechlorination system is es^ntial to minimize these adverse effects. «' 

6.4. 1 .4 Process Appligation and Control 



Chemical dechlprination using sulphur dioXids^can be a rather inexpensive process for 
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reducing effluent toxicity relateB to j;hlorine residual: Much oT thfe process equipment," 
chemicaf handling and. cjiemical addition components of a. jJulphur dioxide dechlorination 
system are identical to those ysed in a chlojihatibn system. For example, gaseoys - 
chlorjnators are used 'to feed sulphur dioiide,^evaporaters may be . used practicaUy . ^ 
interchangeably between chlorine and su^^Hur\dioxide, and 'piping, valves and gaseAu§^.. 
ipjectors ar? identical in the two systems. The speed of the reaction precludes the necessity . . 
for^providin^ a separate contact basin as in chlorine contact for disirifection. The dolfep of-~ 
.sulphur dioxide required is only that amount needed' tb dechlorinate the effluent following' 
the chlorine contact period, a leversubstarifiallyiess'thari the total chlorine do^." 

There, are no analyticarinstruments currently on the market which 'have demonstrated -a ' 
capability tp reliably and accurately measure the excess sulphur dioxfHe Jri sobtibn following 
dechlorination. This is why the process control* schemes which haye been devised do not 
.have the feedback "self-correfttive aspects Nvhich provide *av:'high degree of consistency to 
. effluent quality. Control is usually, achieved by pacing the dechlorination equipment on 
signals of flow and chlorine residual measured directly upstream ^f^om the point of sulphur 
dioxide application. Operator surveillance and frequent margaal adjustments to the system 
are needed tc^aintain a slight overdpse of sulphur dioxide, say 0.5. mg/1.' - * 

A. more complicated control scheme which does incorporate, positive control features 
involves application of a preselected chlorine dosage to a: small sidestreagi of dechlorin^ted ' 
effluent. If, for example, a preselected chlorine dose of 1 mg/1 is applied and dechlorination ' 
is paced to maintain a chlorine residual of 0.8 mg/1 in . the "biased" side stream, the net 
^ effect of the control system would, be to prpvide a -controlled overdose of .0.2 mg/1 
(expressed ^s Cl2) of sulphur dioxide. : . 

With either control scheme, the sulfihur dioxide overdose in the filial effluent may be 
controlled to 0:5 mg/1 (as or less. Given that the reaction rate of Equation 6-16 is very 
slow, the effect of the. overdose on plant effluent 4ssolved oxygen concentration would be ' ' 
minimal, , probably less than 0.2 nig/1 DO depletion. In such' a case, ^aeration following 
sulphur dioxide dechlorination would seldom be warranted. 

V" ' ■ , ^ ' V .■ ■ ■ ■ " ' ■■ ' ^ 

6.4.2 Activated .Carbon Dechlorination ^ 

Dechlorination of wastewater effluent streams using activated carbon can serve several 
functions other than removal of chlorine residuals. In the case of breakpoint chlorination, * 
the activated -carbon can effectively catalyzfe the. chemical rla^ion^ setving.as a "reaction 
bed.'' Some removal of soluble organics is also accomplished through adsqrpti^^n. k " ^' .. 

^ 6.4.2.1 Stoichiometry ^ ' ' . . ' 

Activated carbon (C*> reacts 'with both free arid ^ combined chlorine residuals-in the ' 
following manner: - , • ' . ' . • * 
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a. Reaction with free chlorine residual 



b. Reactions witfi^mbined chlorine residual 




'+ 2H0C1 - — ^ CO^ + 2H^ + 2Cr • (6-1 7) 



C*^tJ(I^H2a + 2H2O -— CO2 + 2NH4 + 2Cr ' (6-18) 

C* + 4NHCI2 + 2H2O — CO2 + 2N2 + 8H"*" + SCf ^ (6-19) 



Carbon dioxide is formed in each case-following reaction with chlorine residual. Ammonia is 
returned to solution following reaction of carbon with monochloramihe, but dichloramine 
has bfiwj^ob^rved to decompile to nitrogen gas following contact with activated carbon. 

These chemical pathways havei been ^confirmed by several recent studiesr25,26 

6.4.2.2 Process Application V ; 

Studies by Stasiuk era/.25 sHowed complete dechlorination of, both free and cornbined 
chlorine residuals' following carbon contact .times of .10 minutes. Studies^ on the 
dechlorination ch?(racteristics of granular' activated carbon have been conducted^^, 28,29 
which show a variation in* the* dechlorination capacity of activated carbon as a function of 
the hydraulic, apjpili^^on rate and particle ?ize. Those data suggest the formation of a 
dechlorination interaawiary compound, nascent dXygeh, on the surface of the^ carbon 
which builds up ail|^»fflUises a graduial loss .of xlechlorination Qfficien Regeneration of the 
carbon was accomp|S(hed by heating, ip the absence of air at 400 C or higher. Smaller 
activate^ carbon particles: were fountl to -give enhanc^ dechlorination capacity. One cubic 
foot of activated carbon was found td dechlpriiiate 0.55 million gallons at 2 gpm/sq ft 
hydraulic application rate and 5 mg/1 free chlorine residual. Approximately 3.6 million 
gallons of the same water could be dechlorinated by the activated carbon when applied at a 
rate of 1 gpm/st[ ft. ' 

6.5 Design Exaniple 

As an example, Consider, ^a 10 mgd cc^ventional activated sludge plant that must be 
upgraded to meeit an effluent nitrogen limitation of 2 mg/1. Present effluent quality is 1 mg/I 
organic nitrogen, 20 mg/1 ammonia nitrogen, * I S mg/i of suspended solids, BOD5 of 25 rijg/l 
and pH of 7.0. The peak to averager nitrogen load riatio is 1.9 The breakpoint chlorination 
design should provide capacity for removal of all ammonia nitrogen in the plant effluent. 



1 . Calculate the average ammonia nitrogen oxidized dail., . 

^ ■ , , . ■ ;• 

. NT = 833 'Q(N^^-Nj) ' ^ (4-24) 

where: . NT ^ = ammonia nitrogen oxidized, lb per day . • 

Q = average daily flow, mgd \, • 

. N = influent amjnonia nitrogen, mg/1 

o • 

..'Nj = effluent ammonia nitrogen, mg/1 ^ 
For this example, t^ie. result ia: / 

-NT =8.33(I0)(20-q)=l, 666. lb/day * ' 

2. To calculate the average daily chlorine consumption, a Cl2j||yU"N of approxi- 
mately 9:1 would be appropriate. The average daily chlorine consumption would 

■ ■ be: ' ; ' ' 

. Average daily = (9)( 1 ,666) = 1 4,994 lb/day 

3". The peak rate of chlorine utilization, that rate used to size the chlorine feed 
system, may be computed by multiplying the peak to average nitrogen load ratio 
by the average daily chlorine consumption as follows: 

Peak CI2 = (1 .9)(14,994) = 28,489 lb/day 

4- To calculate the average daily quantity of alkalinity supplementation, assume that 
sodium hydroxide is to be useji. Since the effluent pH is at pH 7 prior to 
breakpoint chlorination,and the breakpoint process itself should be conducted at 
pH 7, all acidity generated in breakpoint chlorination must be neutralized by the 
sodium hydroxide added. Since 1.50 lb. of NaOH are required ^per lb of GI2 
added in^ breakpoint, thje average daily NaOH added per day would be: ' . 

Average daily NaOH^= (1.50)jfH,994) = 22,491 lb/day 

5. The TDS increment added to the plant effluent as a result of breakpoint' 
chlorination can be computed from data of TBajble 6-3. For breakpoint 
chlorination with chlorine gas and neutralization of all acidify with sodiurrf - 
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hydroxide, the TDS increase per mg/1 of ammonia nitrogen consumed is 14.8 
mg/l. The. total TDS increase in this example would be: 

. \ \ TDS increase = (14.8)(20) = 296 mg/l. 

■ ^ ' ■ . ■ • • • • . • •• ' " '. • ■ ' ' 

'6. To. compute the average daily consumption of sulphur dioxide needed to 
completely dechlorinate the plant effluent prior to discharge, assume that the 
'average chlorine residual follov^^ing breakpoint chlorination and disinfection is 5 
mg/l. The average daily sulphur dioxide consumption v/ould be: 

Average daily SO2 = (8.33)(V0)(5)(i.0) = 416 Ib/day/^ ^'V ^ 
6.6 Considerations for Process Selection 

The breakpoint .chlorination process offers a number of 'advantages which should be 
considered when evaluating alternative nitrogien removal processes; 

1. Ammonia nitrogen removal may be accomplished in a one-step process to 
concentrations less than b. 1 mg/l (as N). The major end product of the breakpoint 
reaction is nitrogen gas which is evolved to the atmosphere. 

' , •• • . * 

2. Breakpoint chlorination is free from the toxic upsets and acclimation periods 
which, can affect biological nitrification and denitrification processes. Ammonia 
nitrogen may "be successfully removed from solution regardless of upstream 
treatment processes. Breakpoint chlorination is also rather insensitive to changes 
in process temperature. 

The breakpoint process may be operated intermittently or in split-stream 
arrangements as neieded to meet individual receiving water nitrogen limitations. 
The process can be used as a polishing step for other ammonia removal processes 
such as nitrification to provide low ammonia nitrogen concentrations. 

Breakppint chlorination is reliable and consistent in terms of process perfor- 
mance. ' ^ * . , 

5. Disinfectiqft. of a wastewater effluent is enhanced following breakpoint chlorina- 
tipn due fb^tfic^ j^esence of free-available chlorine residuals (HOC 1 and OC 1 ~). 

6. The low spacial requirement of the breakpoint process makes it particulariy 
suitable for certain applications, including addition to an existing facility, where 
nitrogen removal is required but where space constraints exist. 
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7. The cost of physical facilities for breakpoint chlorination is much less than for 
biological nitriricatiori-denitrification facilities. • 

A list of potential disadvantages of the breakpoint chlorination process included: 

. ■ . ■ ■ ' ^ • '" ' . ■ • 1 

! . . _ ' • ' 

' V 1. The breakpoint chlorination processes usually quite higliin operating costs. 

2.. The addition of chorine, pH adjustment . chemicals and sulphur dioxide all 
contribute to the level of total dissolved solids in the wastewater effluent, Some 
treatment plants have TDS limitations which would limit the applicability of 
breakpoint chlorination. j 

3. Dechlorination will be required in many cases to remove the potentially toxic' 
chlorine residual. It should be noted, however, that this is a disadvantage of any 
chlorination process. 

* • . • ' . ■ ■ . ' " *■ ■ 
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CHAPTER 7 



SELECTIVE ION EXChAnGE FOR AMMONIUM REMOVAL 



7.1 Chemistry , and Engineering Princif5lesv * . 

The b^sic concepts of the ion exchange j)r9cess apply to its use for ammonium removal and, 
these concepfs'are discussed in the following paragraphs. 

7.1.1 Basic Concept 

The use of converrtional ion exchange vjesin for removal of nitrogenous material from 
' wastewaters has-'fiot proven attractive because of the preference of these exchangers f^r ions 
other than ammonium or nitrate ion5. In addition,^ the regeneration of .CQhventional ion 
exchange resins results in regenerant wastes which are difficult to handle. The non-selective 
nature of conventional resins is unfortunate because as a unit process, ipn exchange is easily 
controlled t(3 achieve almost. any desired product quality. The efficiency of the process is 
not significantly impaired at temperatures. usually encountered and ion exchange equipment 
can be automatically controlled, requiring only occasional monitoring, inspection, and 
maintenance. * ijf' 

. ■ • ■ '' t» . 

The ^bove limitations of conventional resins may be largely overcome by using an exchanger 
which is selective for ammonium. The exchanger currently favored for this-^iise is 
clinoptilolite, a zeolite, which^ occurs naturally in several extensive de'^osits in the western. 
United States. It is selective for ammonium relative to calcium, magnesium and sodium: The 
removal of the ammonium from the spenf regenerant perhiits regenerant reuse. The 
amriioniiim may be removed from the regenerant and released to the atnipsphere as, 
ammonia (in certain situations) or nitrogen gas orjt may be recovered as an ammonium 
solution for use as a fertilizer. Figuie 7-1 is a simplified schematic of the process. 

The^ wastewater is passed downwarid through a bed of' clinoptilolite (typically 4-5 ft or 1.2 
to 1.5 m of 20 X 50 mesh particles) during the normal service cycle. When the effluent 
ammonium concentration increases , to an objectionable level, the clinoptilolite is regen- 
^erated by passing a concentrated. salt solution through the exchange bed. By removing the 
ammonia from the spent regenerant, the regenerant may be reused, eliminating the difficult 
problem of *brine disposal associated with conventional exchange resins. Some of ; the 
regenerant recovery techniques, as discussed later in detail;Temove the ammonia as nitrogen 
gas which is discharged to the atmospher^ while others remove and recover the ammonia in 
solution form Cor potential li^e as^a fertilizer. 
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7.1 .2 I6n Exchange Principles 

' " ■ . ■ ■ ■ 

Ion exchange is a process in which ions held by electrostatic forces to charged functional 
^;.groups on the surface of a solid are exchanged for ions of similar charge in a solution in 
^which the solid is» immersed. It is a stoichiometric, reversible exchange of ions between a 
liquid and solid which produces no significant changes in the structure of the solid. The 
ma^. action equilibria expression provides a useful model for ion exchange behavior. In a 
binary system, the reaction, , . . 



+ aBZ^ 



bAZ -KaB 
a 



+b 



(7-1) 



presses the reversible equilibrium^here a and b are the valences of ions A and B, 
•respectively, and Z is the excJr^Hl^ite in the solid. I This reaction may be expressed as the 
equilibrium constant, . - 

b , ^a hy 



(7-2.) 



in which (a)^, (a)AZa' activities of the various species. Because of the difficulty 

in measuring activities, especially in the solid phase, it is convenient, to use concentrations 
uncorrectedl^for activity. In doing so^ the equilibrium constant in Equation 7-2 varies with 
concentration and has been termed the "selectivity coefficient," 

where q is the solid phase ionic concentration in miUiequivalehts pef gram (meq/g) and c is 
the solution phase concentratioh in meq/l. Alternatively, the selectivity coefficient can be 
expressed in terms of dimensionless concentration, 

Tiiese variables are expressed in terms of the total solution concentration, meq/l and 
the total exchange capacity, Q, in meq/g. Thus, x = c/Cq and y = q/Q. 

The, preference of an ion exchange for one ion relative to another in binary systems is oft 
expressed as the "separation factor," ^ ■ | • 

Because the numerical value ^of• the separation factor is not affected by the choice of 
concentration units, equilibrium data ar^ often expressed in this way. If the equivalent 
fraction of ion A in the solid phase, yAvis plotted against the equivalent fraction of A in the 
solution, xy^, three cases can be identified corresponding toocCl^ ex. = 1, and c<>l as 
shown in Figure 7-2. Isotherms which are concave upward, c<<l, are designated as being 
"unfavorable*' to the uptake of ion A; those which fall alongthe rising diagonal, <x= 1, are 
termed "linear" and exhibit no preference for ion A or B; and curves which are concave 
downward, are referred to as"/avorable" isotherms since the solid prefers ion A to ion 
B, Ion exchange operations almost alw^s are concerned. with systems in which the ion of 
concern has a separation factor greater than unity during^the service cycle. 

The basic principles of ion exchange, can be used to determine the capacity o.£clinoptiloiite 
for 'ammonium and an excellent example is" avaijable in Reference 2. However, such 
calculations are lengthy and rather complex and a later section (7.2.9) presents a sijmplified 
technique for quickly approximating the ammonium capacity of clijnoptilolite for varying 
concentrations of competing cations, . • 

^ 7. 1.3 Properties of ClinoptiloHte 

7.L3.1 Selectivity " ' / ' ^ * 

Isotherms demonstrating the selectivity of clinoptilolite for ammonium over other cations' 
have been reported in the literature.^ An example^ is the comparison of Hectof 
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Clinoptilolite and a strong acid polystyrene resin, IR 120, shown in Figure 7-3. The total 
equilibrium solution normality was constant at O.IM The terms (Ca)^, (Nh|)z = equivalent 
fraction of calcium or ammonium on the zeolite. The terms (Ca)^f, (^^H|)^f = normality of 
calcium or ammonium in the equUibrium solution. The ammonium capacity of lR 120 was 
4.29 meq/g of dir-dried resin. A comparison of the generalized [sotherm presented jn Figure 
7.2 with Figure 7-3 clearly shows that the IR 120. prefers calcium to ammonium ions. 
Chnoptilolite, on the other hand, prefers ammonium to calciumjion and is of greater utility 
for ammonium ion removal from wastewaters containing calcium. 

The ion exchange eqMilibria for the systems NHj-Na+, NH^-K+, NH4-Ca+2 and NH|-Mg+2' 
with clinoptilolite and other zeolites, are also availahle ih the literature.2 Plots oftheNHj 
seleFfiVity coefficients vs. the solution concentratron ratios of the cations are shown m 
Figures 7-4 and 7-5. Using these data .'in conjunction with published calculation 
techniques, ^ it is. possible to accurately predict the ammonium capacity of clinoptilolite in . , 
the presence of various concentrations of other cations. 
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FIGURE 7-3 



THE 23 C ISOTHERMS FOR THE REACTION, (G^)^ + 2(NH|)j^ = 2(NIK)^ + (Ca)j^. 
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Section 7.2.9 presents a cuiye useful in approximating the ammonium exchange capacity* 
which can be -employed in sizing the ion exchange bed?. The equilibrium isotherms fof ' 
ammonia and other cations whfch are present ,as -iriacriDlcpmponents in wastewaters are,' 
shown in Figure 7-6.' These isotherms illttStratjs'; that cljnbpt^ is selective for 
amm.onium relative to all of the listed ions except'potassium. 

7.1.3.2 Mineralogical Classification - 

• ■■ * . . v ■ ■ 

The zeolite.^ are classified as a family in the silicate groups They are hydrated 
alumino-silicates of univalent and bivalent bases which can be reversibly dehydrate d to varyi ng 
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FIGURE 74 



SELECTIVny COEFFICIENTS VS. CONCENTRATION RATIOS OF SODIUM 
OR POTASSIUM AND AMMONIUM IN THE EQUILIBRIUM SOLUTION WITH 
HECTOR CLINOPTILOLITE AT23 C FOR THEREACTFON 
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' degrees without unRrgbing ';^^^ crystal stature a^^^ are capable of undergoing 

catioil exchange, n, The general .composition of/ zeolU^^^^^ by the. formula 

^ .(M,N2)p->y2p3-nSi02-mH^ where M and N are, re^peotiyely,, tl»^ alkali met^^^^^^^^ 
alkaline eaith Counter ipns/present ih the zeoU^^^ ' C ; . . r 

Clinoptiloltte ■ij5:/a;Common material found ;in bentonite deposits in the western United 
States. The la/gest. known deposif of clinoptilolite in the United States is found in southern. 
Galiforriia witKin a deposit of bentonite called Hectorite because of its proximity to Hector;", 
: . California: The/ y.iS; deposits are predominj^ntly in the sbdiuni^ form. Although a widely,- 
occurring mateqal, not all dep^Jsits produce'a^^clinoptflolite of adequate structural strength 
to withstand the handling whipii occurs in a-columnar operation. IC- 
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FIGURE 7-5 



SELECTIVITY COEFFICIENTS VS. CONQEl^RATION RATIOS OF CALCIUM ' 
OR MAGNESIUM AND- AMMONIUM IN THE EQUILIBRIUM SOLUTION WITH - 
HECTOR CLINOPTILOLITE AT 23 C FOR THE REACTION 

,(X)2 + 2(NH,|)j^ = 2(NhJ)2 + (X)j^ : ^ 
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7. 1 .3.3 Total Exchaftg0 Capacity • * " 

ti^t^lthough the total ion excl^ange capacity of a material is by no means a *comple^| 
t;' 'descriptor! of its ion exchange properties, it is an indication of the applicability, of th^; 
substancp 'for prdi^ess use. For ej^ample, New Jersey greensgin^, Nvhieh'was widely "sed^^ 
water softening b^fdife the development of organic excliangers; has a total exchange capaej'^ 
of 0.17 meq/g.' In compafl^orT, the ejfcjjiange capacities of strong acid cation exchangfej 
usually 4 to 5 meq/g. The total .exohange capacity of clinoptilolite as itieasur ^|^ severffl ; 
different investigators ranges from 1.6 to 2.0 meq/g and is slightly lower thanl^^|^^^ 
for zeolites. With typical cation concentrations encountered in niunicipal 
cap^gity for NH^" typically 0.4 meq/g (see Section 7.2.9). , , 0! 



7.1.3.4 Chemical Stability 



The instability of natural days and zeolifes toward.^^cids and alkalis is known as thes^-^ 



materials are widely used in water softening. However, clinoptilplite is considerably more F 
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- acid resistant' than other zeolites. 1 V^' high strength (20% NaOH): caustic solutions 
produce significant chemical attack on' the cUnoptiloUte. However, at the lower solution 
. ' strengths encountered in systems which use a caiistic regenerant, physical attrition is more 
significant than pJletnical attack. This will be discusse'dTateFiii this section 

7.1.3.5.PhysicalStability j^;:'V: ■ ' : ■ 

• When crushed-, sieved, and • thoroughly. i^aM- with a^tation to remove fines, clay,iand 
.pther impurities, 20 x 50 mesh Hector clinoptilojite gives a wet attrition tesli,of.3..percent.4 
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^1Phe;w€^t attrition test deteirnines the amount of fines (less than 100 mesh) generated by 2S 
grams of the granular zeolite during rapid mixing with 75 milliliters of water on a paint 
s:haker for 5 minutes. Commercial zeolites^ such as erionite and chabazite, which are. 
powdered, mixe'd with clay binder, extrufjed/and fined, will generally give a wet attrition 
^est '(^^^^ 6 percent' or twice that of the. Hector clinoptilolite. Low wet attrifion is 

ritrlportant to minimize losses of clinoptilolite in an ion exchange column operation. . • 

: ' ' 7.1.3.6Den^ty ' 
. Cfinpp"tiiblite (20.x 50 mesh) has been reported to have a wet particle specific gravity of 

7.2 Majoj; Service Cycle Variables ; . . * 

The factors which have a major effect on process efficiency include: pH^ hydraulic loading 
rate, cliiioptilblite size, pret'reatment, wastewater composition, and bed clepth. 

7v.2U pH " . / v. ' • • • \ 

Within'an influent^pH range of 4 to 8, optimum ammonium exchange occurs.' /^§;;Xhe pH' 
drops below this range, hydrogen ions bpgrn to'-COmpete with an^moriium :fpr;the available 
exchange capacity. As the pH values increase above' 8, a shift in the NH3^N&4 equilibrium 

^taiwards NH3 begins. OperaHoJi outside of the pH range of 4 to 8 results in a rapid decrease 

^ o;f e^xchange capacity and incjcSased ammdrrf]um leakage. 
• ■■> ■ 1 . ■ . • , ■ f -f^ 

7.2.2Hydraulic Loading Rate / 

'V/flriations in column loading: rates within thfi range of 7.5-20 Bed Volumes (BV)/hour (7.5 
BV/hr is equjyaJen^ to 0.95 ^pm/cu ft or 2.15 l/m3/sec) have been shown to produce no 
sfgiiifiGant'*e£feGts. on the anjiiiohium removal efficiency of 20x 50 mesh clinoptilolite, ^ 
/AnrijlioniUm concentrations ifi the\lirio^til^te effluent of 0.22-0.26 mg/1 were produced 
'fh rough out the above rangeiVin one set.- of tfe«ts.' When rates exceed 20 fev/hour, the 
exchange kinetics suffer as demonstrated by a significant leakage of ammoniurii early in the 
loading' cycle. Th^6fTects of Ibaaihg rate as a fun'ftion ofxlinoptilolife size are discussed in 
the next section, 

7.2.3 Clinoptilolite Size / v \ ^; - V 

• . ■ . ■ 

Mine-run clinoptilolite is. typically l-^vinch (25 to 51 mm) chunks which must be ground 
and screened to the size desired for column operation. As would be expected, the smaller 
the *clini3ptilolite^ size,' the better the ltdnfetics of the exchange 'reaction. This effect is 
illustrated, by data that show that 20 x 50*;tiesh clinoptilolite kinetics begin to suffer (see 
Section 7.2.2) at rates of 20-30 BV/hour whileVSO x 80 mesh kinetics do not suffer until 
rates of 40 BV/hour .are reached. However, the improved rate of exchange is accompanied 



by the disadvantage of higher i^ead loss. It appears that 20 x 50;nelh clinoptilolite (about 
the size of typical filter sand) Offers an adequate compromise betWeen acceptable headloss 
and exchange kinetics. At a loading of 15 BV/hour in a 3 ft (0.9m) deep bed (5.6 gpm/sq ft 
or 3.8 l/m2/sec), the headloss is 2.1 ft (0.64m) with 20 x 50 mesh chnoptilolite. Lower 
headlosses could be obtained by lower rates. Use of deeper beds would result in greater 
headloss^i.e., 6 Tt (1.8 m) depth would have a headloss of 4.2 ft (1.28 m) at 5-6 gpfh7sq ft * 
(3.8 l/m2/sec), These headloss values do not include losses in inlet and outlet piping or in 
.*\the underdrain system. . * . v i •< - ''^ . * 

■• ' ' ' ' ' ■ • ''■'^'■^'■''^^^^ • 
7.2.4 Pretreatment t y' - ' ^- * 

to avoid excessive headloss, the clinopfiiolite influent must be relatively free of suspended 
solids - preferably less than 35 mg/1. Tests with clarified and filtered raw wastewater 
indicate no problems with organic fouling. Biological growths which occurred were 
adequately removed in the regeneration cycle.2 Additional data on pretreatment effects are 
presented in the next section. . tM' . * 

J V 7.2.5 Wastewater Compisition , 

As noted earlier, although clinoptilolite prefers aiflfnonium ions to other cations, it is not 
absolutely selective and other cations do compete for the available exchange capacity. Pilot 
tests conducted at several locations illustrate the effects of wastewater compositrcfti.bn the 
useful capacity of the clin'optilQlite.3 Tests at tjiree locales that span a wide range of ' 
k. wastewater compositions are shown in Table 7-1 . •% 

The equilibnUitr NH4-N bed loading computed f0ti:each of ]the^ wastewaters listed in Table 
7-1 was 4.1 g/l, 3.9 g/1, and 4.3 g/1, respectively, for TahoCj, Pom'bna, and.Blue Plains. Figure 
7-7 presents equilibrium bed loading in an alternate way. The minimum bed volumes 
required to attain equilibrium NH4-N loading are expressed as a function of the NH4-N 
concentration in the influent wastewater. The equilibrium bed volume values given.in; Figure 
7-7 normally represent the 50 percent breakthrough point (the effluent concen|fation'.is 50 
percent of the feed concentration). The wat6r!lowest in competing cations (Blu^E^l^s) had 
the greatest ammonium removal capacity. In the 10-20 mg/1 influent NH4-N range/ the 
lower competing ion concentratio^s^^ Plains resulted in the useful ammonium 

/exchange capacity being about 33:.p*lMi^e^t greater than that for Pomona with its higher TDS 
Avater. The lower degree of pretreatment at Blue Plains (i.e., no biological pretreatment) did 

not impair the effectiveness. of the clinoptilolite for ammonium removal. 
.0 ■ .■■ 

7.2.6 Length of Service Cycle * r 

• . ■ r' ■ _ 

To illustrate the' determination of a permissable length service cycle for a given waste\yater, 
ammonia breakthrough curves for a single 6 ft deep (1.8m) bed of clinoptilolite are 
illustrated in Figure 7-8 for Tahoe tertiary effluent with flow rates varying from 6.5 to 9.7 
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- V TABLE 7-1 * 

INFLUENT COMPOSITION FOR SELECTIVE ION EXCHANGE 
PILOT TESTS AT DIFFERENT LOCALES ' 



• 

Parameter/ mg/1 


Activated sludge plarit effluent 


Clarified raw wastewater . 

V Blue Plains ° 
(Washington, D.C.) 


lauoe 

wQlJJUIl LXUuLcU 


1 

Jr UiliUIla 


4- 


15 


16 


12 . 


Na 


44 




' . 35 


■ K- 


10 , 


18 


, . 9 ' 


Mg 


1 


20 


0.2 


Ca 


51 


43 


36^ 


pH 
















Range 




6.5c'8.2^ 


.•7-9^ 


COD . . 


■ 11 - • 


.10 


50 


TDS 


325 


.700 


250 



^Approximately half of the runs at Pomona, were made with carbon treated 
secondary effluent and the others with alum coagulated secondary effluent, 

W units ' • 



BV/hour (bed volumes per hour) with 15 to 1 7 mg/1 NHJ-N in the ifeed stream. These curves 
indicate a throughput value of 150 bed volumes should be ilsed for this wastewater for 
design for effluents requiring a high degree of ammonia removal. Although the effluent 
concentration had reached 2-3 mg/1 at 150 BV, the average concentration produced to this 
point in the cycle was less than 1 mg/1. Breakpoint chlprination would be more economical 
for removing the 1 mg/1 residual, if required, than would provision of greater ion exchange 
column capacity. The average ammonium concentration for a breakthrough curve is 
obtained by integrating the area under the breakthrough curvjs and dividing by the total 
flow. For example," integrating the area under the curve for 8.1 BV/hr in Figure 7-8 indicates 
an average NH|-N concentration of 0.67 mg/1 for 1 50 BV. 

7^2.7 Bed Depth 

The effect of bed depth on ammonia breakthrough at 9.7 BV/hr is illustrated in Figure 7-9. 
In general the 3 ft (0.9 m) bed of clinoptilolite was not as effective for ammonium removal 
as the 6 ft (1:.8 m) bed at the sam"! bed volume rate: The shallow bed has a lower flow 
velocity because a 9.7 BV/hr flow In a 3 ft (0.9 iri). deep bed corresponds to 3.6 gpm/sq ft 
(2.5 l/m^/sec) while in a 6 ft (1.8 m) deep bed it corresponds to 7.2 gpm/sq ft (4.9 
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MINIMUM BED VOfcUMES AS A FUNCTION OF INFLUENT 
NH4-N CONCENTRATION TO REACH 50 PERCENT 
BREAKTHROUGH OF AMMONIUM (REFERENCE 2) 
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l/ni2/sec). The lower velocity might increase the likelihood of plugging of portions -of the 
bed. Plugging would cause poor flow distribution and lower bed efficiency. As discussed in 
the design examples in Cha^r 9, full-scale designs are using bed depths of 4-ft (1.2 m) with 
a high degree of pretreatment (coagulation and filtration) which will mininiize plugging of 
the clinoptilolite bed. 

7.2.8 One Column Ys. Series Column Operation ^ 

Operation to the J 50 bed volume throughput value (Figure 7-9) to maintain an average 
NH4jN concentration at or below 1 mg/1 uses only 55 to 58 percent of the zeolite's 
equilibrium capacity. The number of bed volumes throughput per bed can be increased 
while maintaining low NH4'-N effluent concentrations with semi-countercurrfent operation, 
using two beds in series. Semi-countercurrent operation is achieved by first operating the 
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FIGURE 7-8 



AMMONIUM BREAKTHROUGH CURVES FOR A 6 FT CLINOPTILOLITE 
BED AT VARIOUS FLOW RATES 

~' \ I.' ^ r~ \ — ] — r — \ r~ 

'operating CONDITIONS: 
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columns in a 1-2 sequence and then placing column 2 into the lead position, after the first 
regeneration, with column 1 becoming the polishing column. A column is removed from the 
influent end wh it become? 'loaded while simultaneously adding a regenerated column, at 
the effluent end. This procedure in effect moves the beds countercurrent to liquid flow by 
continually shifting the more saturated beds closer to the higher influent concentrations. 
Beds can be loaded nearer to capacity with this procedure than with single column or 
parallel feed multi-column operation. The . most highly loaded column is always: af the 
influent end backed up by one (if two in. series) or more columns havinjg decreasing loadings 
and NH|"-N concentrations at locations -progressively nearer the end of the series. Removal 
of a column is not decicjed by applying a breakthrough criterion to the column's own effluent 
but ;by breakthrough at the end of the series. Tests have indicated that the ammonium 
loadings could be increased from 55-58 percent of the equilibrium capacity to 85 percent by 
using two columns in series. 2 Average throughputs for t\jLQ Tahoe.example discussed eariier 
increased from 150 to 250 BV/ cycle. However, such a two column operation requires three 
columns (two on stream while the third is being regenerated) and more complicated valving 
and piping than a parallel column operation. Because of the added capital costs involved in a 
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EFFECT. OF BED DEPTH ON AMMONIUM BREAKTHROUGH AT 9.7 BV/HR 
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series system, all of the full-scale systems currently under design or in operation utilize, 
parallel single beds. By blending the effluents frotn several parallel columns, each of which is. 
in a different stage of exhaustion, improved utilization of the available exchange capacity is 
also achieved. That is, if equaT volumes of effluent containing .2 mg/1 NhJ-N from one 
column are blended with effluent containing 0.6 mg/1 from another, some added throughput 
through the more heavily loaded Column could be achieved flvhile still meeting an overall 
st^n.dard of no more than 2 mg/1 NH4-N. • ' 

7.2.9 Determination of Ion Exchanger Size ' 

In order to calculate the^size of the ion exchange unit needed, the qmmonium capacity of 
the clihoptilolite must be determined, from the characteristics of the influent water. The 
^^wnmonium capacity of clinoptilolite can be estimated from Figure 7-10 if the cationic 
•'.strength of the wastewater is known. The data used to plot Figure 7-10 were determined in 
several experimental runs where the influent ammonium nitrogen . concentratiori was 
.16.4-19.0 mg/l^. 'Although the curve Js. empirical and is" a simplification of the complex 
effect of competing cation concentrations on ammonium capacity, it illustrates this effect 
Shd 

serves as a useful tool in sizing the exchange bed, > • .. 
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FIGURE 7-10 

VARIATION OF AMMONIUM EXCHANGE CAPi^QITY MTH ' 
COMPETING CATION CONCENTRATION FOR A 
3 FT DEEP CLINOPTItOLITE feED (REFERENCE 1 ) 
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CAT IONIC STRENGTH, 1/2 Zmi.zf,moles/i. 

Where: m = conceniration of the cation species i 
' , Z = valence of the cation species I 
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Assuming that the influent Ayater has a cationic strength of 0.006 moles/ 1, the breakthrough 
ammonium capacity of the clinoptilolite will be^approximately 0.25 meq/g for a 3-ft (0.9 
m) bed; the capacity to^ saturation will be approximately 0.44 meq/g, A greater effective 
ammonium capacity can be realized by increasing the depth of the zeolite bed. The use of a 
6Tft (1.8 m) bed would result in greater ammonia capacity per unit of exchanger and while 
requiring a deeper structure, the additional cost would be nominal Assuming that 3 ft (0.9 
m) of the zeolite bed will have an 'ammonium exchange capacity equal to 0.25 meq/g and 
ihat the remaining 3 ft (0.9 m) will have a capacity equal to 90 percent of the saturation 
capacity .or 0.40 meq/g, the 6 ft (1.8 m) bed will have an effective capacity of 0.32 meq/g 
. [equivalent to 6*6 eq/ci\ ft (236 ejq/m^) and 5.1 kgr/cu ft (182 kgr/m3)^ 

The zeolite/volume required to treatyaMO. mgd (0.44 m^/sec) waste flow at 15 BV/hr (1.9 
gpm/cu ft or 4,3 l/sec/m^) is 3650 cu ft (102 m^)! Assuming ^complete removal of 
ammonium, the throughput to ammonium breakthrough would then be 165 BV with a run 
length of 1 1 hr. Allowing 2 hr down time per cycle for regeneration and rinsing, the zeolite 
volume would be inQreased proportionately to 4300 cu ft'(126.4m3) to accommodate the 
total design flow. Using fcfu'r units,. each having the dimensions 12 ft x 15 ft x 6 ft deep 
(3;66 m X 4.6 m X 1 .8 m), the total zeolite volume would be 4320 cu ft ( 1 2 1 m^). 1 

7.3 Regen'pration Alternatives • 



The key to the applicability of this process is the method of handling the spent regerierant. 
The following paragraphs, discuss available alternates.' . 

7.3.1 Basic Concepts; > . J^-'.^. V^^'y:^*;> ^ 

■• - ■ ^^^^^ /. ■ ; 
As/noted earlier, afteF^ibotJt 15.O-200 bed vplumes bftHo 

passed through the' bed^ the, ckp^pity^^ the point that 
ammonium begins to leak through the bedf^^l^^^^^^^ must be 
regenerated ^so that its capacity to remove 'aijini^^^^ re^jt^^v;^ regenerated 
by passing concentrated' salt /^luJti^^ the ammonium 
concentration in the solid phase ha^^^ The ammonium- 
laden spent reg^nerant voiunijifr is'^ about 2.5 to 5 p^t($0i^^ treated i)rior to 
regeneration; Bv removing the ammonium, from the:;sp^^^^^^, the regenerant may be 
reused. The alternative approaches available for r^igene^^^ are: 

• air stripping \ 

• steam stripping ^ ^ - 
M • electrolytic treatment 

These alternatives for regenerant recovery will be -discussed following a discus'Jion of the 



regeneration process' 



7.3.2 Regeneration Process * *. 

ThCi ammoniuni retained on the clinoptilolite exchange sites may be eluted by either sodium 
or 'Calcium ions contained in a regenerant solution. While the normal service cycle is 
downflow, regeneration is carried out by' passing the regenerant up through the clinoptilolite 

I 7.3.2. 1 'High pH Regeneration 

*The approach originally studied for wastewater applications wa^o use a lime slurry (5 gm/1). 
*as the regenerant sa that the ammonium stripped fromHhe bed during regeneration would 
We Converted to gaseous ammonia which could then be remoyacTfrom the regenerant by air 
stripping.-^ It was, found that elution with lime could be spd^ded up by thp additipn of 
sufficient NaGl to render the regenerant 0. lA^ with respect to NaCL ' ' 

• ■ . . ■ . ■ \j . 

In addition to converting th^r.aiiiniohittmjpn to ammonia so it can readily be removed from 
the regenerant, the volume ^f^reg^n^fa^^ for complete regeneration has been found 

to decrease with increasing rfe'gelVieram pH. ' However, high pH regeneration was found to be 
'accompanied by an operational problem of major significance.?'^ Precipitation of 
magnesium hydroxide and calcium carbonate occurs within the exchanger during the 
regeneration cycle. This leads to plugging of the exchanger inlets and. outlets, as well as 
coating of the clinoptilolite particles.- Violent backwashing of the clkioptilolite^was found to 
be necessary to remove these precipitants from the clinoptilolite particles, which resulted in 
increased mechanical attrition of the clinoptilolite. Chemical attrition also increases at 
elevated pB values.' /. >: ■ 

Substantial data have bpeh collect^ on high pH regeneration and are available in references 
^ 2 and 3 if this approach is considered. However, the practical problems of scale control 
are fnajcA* limitaitions which ca*i be overcome by using^neutral regenerants. The use of closed 
loop regenerant recbvery proj:esses negates the disadvantage of higher regenerant volumes 
required at lower regenerant pH values (See Section 7.3,2.2). ' ' r ^ 

7.3.2.2 Neutfal pH Regeneration ' 

. - ■ ■ . V 



Two of the largest municipal wastewater installations under design which will use 
clinoptilolite are the Upper Oct:oqua.n (Virginia) Regional Plant (15 mgd or 0.66 ni?/sec) as 
described in Section 9.5.4. 1 and the Tahoe-Truckee (California) Sanitation Agengy plant (6 
mgd or 0.2!6 m-^/sec), both bf wHiclh. will utilize a regenerant^with a pH near neutral. The 
active portion of the regenerant ^yi^l be a 2 percent sodium chloride. solution. Calcium and 
pot^um will be eFuted as well a3Vammonia and will build up in the regenerant until they 
reachv equilibrium. The typical elution curve for ammonium with a neutral pH regenerant is 
shown in Figure .7-1 U Approximately 25-30 J^V were required before* the ammonium 
concentration reached equilibrium.^^ Although glreatfiC regenerant volumes are required than 



with a high pH regenerant (10-30 BV), this is not a major^disadvantage if the regenerant is 
recbylbred and reused in a closed loop system. » 

■ ■ ' ■ " • . ^ ■ • ■ ■ .' ■ ' " ' • 

Variations in regenerant flow rates of 4^0 BV/hr do not affect regenerant gierformance. 
Higher rates result in less ammdnia removed per volume of regenerant. Typical design values 
are 10 BV/hr which insures efficient use of the regenerant while keeping headloss values at 
low levels. Provisions should be made for backwash at rates of 8 gpm/ sq ft (3.9 l/m^/sec) 
and surface wadi of the contactor prior to initiation of the regenerant flow. Additional 
details on neutral pH regeneration are contained In Section 9.5.4. • 



FIGURE 7-1 1 . , 

AMMONIUM ELUnON WITH 2 PERCENT SODIUM 
J ' CHLORIDE REGENERANT (REFERENCE 5)' 
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7-3.2.3 Effects on Effluent TDS 

Effluent Total Dissolved Solids (TDS). is an important consideration 'in many plants'.' 
2-3 percent solution of salt is used for regeneration, elution of this salt remaining in th? be4' 
after regeneration at the start of the service cycle may result in an increase in TDS of abpiit 
50 mg/1. The increment would be greater with stronger regenerants. The TDS effect is much, 
less than for the breakpoint process, howe.y,pr. 

.^,7.3.3 Regenerant Recovery Systems 

Ammonia may be removed from the regenerant so that the regenerant may be reused. Air 
stripping of a high. pH regenerant, air stripping of a neutral regenerant, steam stripping, or 
electrolytic treatment may be used. ' - ' • 

■ .■ y 

7.3.3.1 Air Stripping of High pH RegeneranJ 

In the original pilot work on this approach to regenerant recovery, a stripping tower packed 
with 1 inch (2.54 cm) polypropylene saddles was used.2,3 Because the regenerant volume is 
only a small portion of the total wastewater flow, it becomes feasible to heat the air used in 
the stripping process. The regenerant was normally recycled upflow through the zeolite bed 
at a -flow rate of 4.8-7.1 gpm/sq ft (3.3-4.8 l/m2/sec) until the NH3-.N. approached ^ 
maximum concentration. The regenerant was then recycled through both the zeoUte bed 
and the air stripper until the NH3-N was reduced tO; about 10 mg/1. The Uquid flow rate to 
the stripper was normally 2 gpm/sq ft (1.3^ l/m^/sec) with an air/Uquid ratio of 150 
cu ft/gal (1.1 m3/l), Amndonia removal in the air stripper generally "averaged about 40 
percent per cycle at 25 C. Calcium carbonate scaling^ occurred on" the polypropylene saddles, 
but the scale could generally be removed by water sprays. The headloss through the 1 inch 
(2.54 cm) pilot plant saddles caused the power requirements for the air stripping to be 
excessive. It was suggested* for a^filU-scale design that the ammonia stripping tower be sized 
to treat the contents of an elutriant tank in 8 hours, using two passes through the tower at 
85 percent removal per' p^ss at an. air-to-water ratio of 300 cfm/gpm (2.2 m3/l), and a 
loading of 3.5 gpm/ft2<0.63 l/m2/sec).2 " The tower would be a modified cooUng tower 
with Jow differential pressure across the tower as discussed in Chapter 8. 

.An. example „d%ign of a 7.5. mgd (0.33 m^/sec) system' illustrates how the air stripping 
system can be integrated into an overall system.2 A schematic diagram of the ion exchange 
beds, Hme elutriant system, and am^nia air Stripping system is shown in Figure 7-12. For 
design flows, nine beds (12 ft or ^5 m diameter' and 8 ft or 2.4 m deep) would be in 
service and three beds in regeneration. The-direction df flow for the beds in service would be •• 
downflow. All beds woultf operate in parallel. Wheil a given volume of .wastewater has' 
passed through a set of three beds, for example, beds 1, 2, and 3, theiset of beds would be ' 
takpn off liije for regeneration. At this tim^e elutriant'tank A would cOntam elutriant "water, 
from a previous regeneratibn with a very high ammonia nitrogen content (say 600 mg/1); 
tank B would contain elutriant water v/ith a low'ammonia nitrogen contcnt-(say 100 mg/1); 
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and tank C would contain- nearly; %rnpnia-free eliitriant water (say 10 mg/l). The contents 
of tank A would beairstripped during thfe regeneration of exchange beds/l,''^and 3.- The ^ 
regeneration. would pToceed asTollpw^^^ - ^ . 

• " 1. Exchange beds 1, 2 and 3 would be drained'to the final effluent. ^ ; 

> 2. V Low /.amino^ia- content .^^^^^^ B (lob mg/1) would be 

recircJulated upflpw through the three exchange beds and back through tank 
. ■■ - the exchange beds untilHhe'conce^ ammonia in the elutriant began to. 

approach a maximum va%. (say Throughout the recirculation, 

. make-up lijrie knd 'salt would be acfded. A pH of about 1 1.5 would be n]4iatained. 
^ : ^ '7^^011^48^ y/ill eliite 1^ perc^nto^ 

'\ ?v from tank- B ta approach a' 

h^aximum ammdni^i concentration), the elutriant woiild* be changed, to recircula- 
tion, to and from tarik C through . beds "•'.l r.2,; an;d ;3 .rTank, C-wjth Us anim onia-free'. 
elutriant jvater would be ri^circulated -for- W ^a^ time (^^^ 
,elutri2uit;f^^^ tank C to reach about 100 mg/1) which will bring.the elution pp to 
more:tli^n 4 BV are required. At thisstage of thefelutidn, the 

small aimount of ^ammonia left on the zeolite would be distrifeuted ^uniformly 
throughout .the^^?e<^: -TanklA^ with nearly a^impnia-free-^water; X 10^ m N|^|-N;' 
.. water stripped :during thejregeriprati^^^ pumped once 

iipflow through the ; bed. fGrtlier polish thevloAyer'-portion -.of the' bed ahd 

' ' prevent leakage of amiHonia dunri^^ 

^: :> } ; ' Th? elutxiant:^nlc;B (600 mg/1 UnhJ-N) ^oiild be held f6r-air.stHp^ing during 
■: * the regeneration of the next set (say beds .4, 5*, and 6) of ion ;excTiange beds. Tank 
; • V- t with' 100 m|/l elution water would become th^ Ifead tanK for this next set of ion 
exchange bp^^^^ A with ammonia-free ;elutip|i wait^^ rng/l-NH4-N, 

. V ' . w^ater stripped during \t^ regeneratipn :6f beds i,, 2, 3)- would be ilsed at the 
. polishing tank foVbeds 4, 5, and 6. : - ; ^ ^ , V 

rOnce, the . elution' of beds 1, 2, and 3. \yas completed; the'^thr^e beds would be 
.. .[v * drained.back^t^ 
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* - 5.. . Beds 1, 2, an^d '3 wbuld then tie .filled slowly- frpni the bottom to remove t^apfJed 
air witji product wateV from^he other nine bj5:(^ fh sei^ice. 

; ; 6/ Attex ;thQ^^^^ proSuc^ . witfef ^ niore ^^^^^ water.ypuld l^e 

v • ^^^^^ rate' through beds l,'2v^nd^ sequence, the backwash wStef 

7, ^After^back4vas]iing was completed, ion exchange beds 1,2, and 3 would.be placed- 
in-service and beds 4^5, and 6 would be taken off line for regeneration- * " • 

■ ■ ■ : ' ■ ' /• ' • ' ^ * ' ■•' '• ■ • 
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Ammdnia. in^the eliitriant solution would be removed by air stripping at a pH of about 1 1.5.' 
In the:, preceding: example, during the regeneration of beds 1^ 2, and 3, the very high 
ammonia nitrogen, content (600 mg/j^jn the'^efutm^ solution of^tarik A was to^be air 
stripped- The following procedure would bemused:' ■ . 

^1,^ The contents of tank A would pass through the tower down into the recycle; basin 
f;. • beffow the tower. . . : * 

2, ^vXhe coi^ents of the recycle basin -would then be pumped back up through the 
tower once again". This time, however, the , effluent from the tower would flow 
back to tank 'A. « ' -. 

Vv' 3. The contents of tank A would now contain about 10 mg/1 of ammonia, and 
would be ready to serve as the polishing volume during the regeneration of ion 
exchange beds 4, 5, and 6. . / 

By using the. above batch countercurrent recycle technique, it is possible to^^chieve 
complete regeneration with only about :4^By requiring stripping per cycle. This is' a key to 
making steam stripping (as discussed later) practical. 

■rfc3.-3^^^^ 

As previously discussed, the use of high pH regenerant is accompanied by scaling problems 
within the ion exchange beds. Thus, as discussed in Section 7.3.2.2, a regenerant with ,2 
percent sodium chloride as the active agent and pH nearer* neutral has been usecf to 
overcome the scaling problem. This regenerant may also be recovered for reuse by air 
stripping. Figure 7-13 is a sch^^iatic diagram of such a system.^ In this system, the strippfing. 
tower ofT^gases are not discharged to the atmosphere but are instead passed through an 
absorption tower \yhere the" ammonia in the off-gases is absorbed in sulfuric 'acid. The 
stripping gases are recycled to the tower. This approach eliminates discharge of ammonia to 
the atmosphere and recovers the ammonia in*a form suitable for fertilizer usage. The 
stripping-absorption approach is applicable to high pH regeneration systems as well. It aho 
:reduces scaUng {problems in the stripping tower by limiting the CO 2 content of the stripping . 
air. This system (the Ammonia Removal and Recovery Process — "ARRP") is.also discrussed 
in Chapter 8 (se^' Section 8.4. rand Figure 8-7). ' V . 

■ * ■ ■ ■ . * 

In the system shqym in Figure 7rl3, batch-countercurrent regenerant flow similar to that 
described above for the high pH regenerant is practiced to reduce the amount of regenerant 
which must'be stripped per cycle. The 'first M BV of spent regenerant are discharged to the . 
spent regenerant tank for stripping. The second and third 1 1 BV batches are stored and used 
as the first 22BV of regenerant flow in the next regenerant cycle. The last 6*1 1 BV batch of 
regenerant is mbted with the 1 1 BV of stripped regenerant for use sis the final regener^t 
flow, in the next ,cyx:le. Thus, although. 40-44 BV of;/egenerant are, passed through the 
exchanger per cycle, only 1 1^ BV are actually renovated by air stripping per cycle. • 
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• FLOW DIAGRAM OF NEUTRAL pH REGENERAflON , 4 * 
# ^ " S>^TEM1JSING AIR STRIPPING ' ^ 
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Regenerant stored in the tanks shown in Figure 7-13 varies/^TT ammpnium-nitrogeri 
concentration from about 250 mg/1 in the spent tank to 50 mg/l.in the recovered regenerant. 
tank. The intermediate tanks have intermediate concentrations. The regenerant pH varies 
from about 9.5 ^in the recovered regenerant tank to about 7.0 in' the spent tank. As discussed 
earlier, higher pH values produce more efficient regeneration but neai>neutral pH levels 
avoid problems with magnesium hydroxide precipitation in the bed during regeneratipn and 
attrition qf the clinoptilolite caused by high pH. Media attrition has been insignificant in 
pilot studies under these pH conditions.^ . * ^ 

\. ■ ; . ■ \ ■ \. . ' , • . • ; " 

typical ammonium elution curve is shown on Figure 7-14 with the background 
concentrations in each regenerant storage tank also shown. At the end of the cycle, the last 
portion of spent regenerant is discharged to the recovered regenerant tank. This has the 
effect of neutralizing the alkaline pH from the ARRP process. ARRP effluent is normally at 
a pH of 10.7 to 1 1.0. This is reduced to 9.5+ by recycling the last portion of spent . 
regenerant. In this manner, pH is controlled without use of acid. ^ 

When ^pent regenerant is accumulated to a predetermined amount, the recovery portion of 
the process is activated. This system operates at a flow rate of approximately 1/13 of 
average plant flow since the regenerant concentration is about 13 times as concentrated as 
plant waste. Initially, sodium hydtoxide is added to the spent regenerant;to achieve a pH of 
about 1 1. Sodium chloride is also added because of some salt loss from the risgeneraht 
solution in sludge removal and bed rinsing. Following pH 'adjustment, the regenerant is 
clarified and, any magnesium hydroxide formed is removed, the clarified regerlerant at pH = 
1 1 is then pumped to the ARRP process for ammonia removal and recovery. The ARRP 
effluei^.t flows to the recovered regenerant tank where it is mixed with the last 6-1 1 ?V of 
spent regenerant for pH adjustrfient prior to reuse. 

This system is being used in the design of plants for the iTahoe-truCkee Sanitation Agency 
(Califoyiia) and for the tjpper Occbquan (Virginia) Regional Plant disci^ssed in Section 
9.5.4.1. * ' 

* , 7.3.3.3 Steam Stripping - - • 

Steam Stripping of regenerant is beSng practiced at the 0.6 mgd (0.026 m*^/sec) Rosemount, 
Minnt ^ota physical-chemical plant. This process is economically feasible only with high 
pH regenerant. 

the higher regenerant volUi^es resulting, frqm the neutral regenerant approach are not 
economically treated by this^approach. This process is feasible only if the regenieraht volume^ 
requiring stripping is held to 4 BV per cycle whiph is achievable with the higli pH regenerant 
batch recycle system discussed in Section 7.3.3.1.^ In this case, the necessary portion of the 
spent regenerant is stripped in a distillation tower in which steam is injected coynterturrent 
wiffi the regenerarrt. ' An air cooled plate-and-tube condensor condenses the. vapor for 
collection in a covered tank as a onQ percent aqueous ammonfia solution which could be 

^ ^' ^ ■ ^ ■/-' ' 
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' . FIGURE 7-14 
TYPICAL ELUTION.CURVE 
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used a fertilizer. A stripping tower depth of 24 feet (7.3 m) and a loading of 7 gpm/ sq ft 
(21 l/m^/sec) are being used at'^Roseniount. Cer^jnic saddles are used rather than wooden 
slat packing because wood is not a suitable packing in* a high pH- steam environment."- ' , 

Heat exchangers are used to transfer heat from the stripped regenerant to the incoming, cold 
regenerant. Heat transfer to the incoming regenerant from the condenser used to condense 
the stripped regenerant may also be attractive. Provisions f6r scale control in -the heat 
exchangers should be provided. The steam requirements have been estimated to be 15 
. pounds per 1,000 gaUons (1.8 g/1). Added information may be found in the Rosemount 
design example. Section 9.5.4.2. 
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7.3.3.4 Electrolytic Treatment of Neutral pH Regenerant 

In this approach, ammonium in the regenerant sofutjon is converted to nitrogen gas by 
reaction with chlorine which is generated electrolytically from the chlorides alj-eady present 
in the neutral pH regenerant solution. The regenerant solution is rich iri ,^3,0 and CaCl2 
which provide the chlorine produced at the anode of the electrolysis cell. A diagram of the 
regeneration system is presented in Figure 7-15. The regeneration of the clinoptiloUte beds 
is accompUshed with a two percent sodium chloride solution. . The spent regenerant is 
coUected in a large holding tank and then subjected to soda ash treatment, for calcium 
removal. After the soda ash addition, the regenerant jS clarified and trarisferrea t6 another 
holding tank where the regenerant is recirculated thtough eleclfblysis cells for ammonia 
destruction. ' - • 




FIGURE 7-15 
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During the- regeneration of the ion exchange bed, a large amount of calcium is eluted from 
the zeolite along with the ammonia. This calcium tends to scale the^ cathode of the 
electrolysis cell, greatly reducing its life. Calcium may be removed from the spent regenerant 
solution by a soda. ash softening process prior to passing the.sgent regenerant through the 
electrolyfic cells. High flov/ velocities through the electrolysis cells are required in addition 
to a low concentration of MgCl2 to minimize scaling of the pathode by calcium hydroxide 
and calcium carbonate. The effects of flow rate are well illustr'a.ted by pilot test dataP Using 
the system shown in Figure 7-14, the flow rate through the cdl,^as initially set^at yeipciti^s 
of 0. 13 to 0. 16 ft per second (0.04-0.05 m/sec) and a thin buildup of scale was obVrv^ pi} - 
the cathode at the bdttom cell inlet end after IdO Tipurs of operation. After 23p h^^^ 
operation, the flow velocity was reduced ta O.06 ft per second (0.018 m/sec) and very' liglit 
scale buildup was observed depositing over the entire cathode area. Scale was removed from 
a one-square inch (^.45 cm^) area of the cathode and the flow velocity through the celi .Nyas; 
increased to 0.21 ft^er second (0.064 m/sec) to determine the effect of scaling at higher 
cell velocities. At this increased flow \yhich was maintained for most of the period of this 
study, no new scale was deposited on the cathode. Visuallyjt appeared that from 25 to 50 
percent of t^e previously deposited scale was removed. These observations suggest that 
scaling within the cell can be controlled by sufficient flow velocities. Acid flushing of the 
cells is necessary to remove this scale when the cell resistance becomes <too high for 
economical operation. , - " 

In pilot tests of the electrolytic treatment of the regenerant at Blue Plains, about 50 
watt-hours of power were required to destroy one gram of ammonia nitrogen. ^ When 
related to the treatment of water containing 25 mg/1 NH4— N, the energy consumed would 
be 4.7 kwh/ 1,000 gallons (1.2 watt-hfs/1). T§sts at South Tahoe also indicated that a value 
of 50 watt-hours per gram is reasonable for design:^ 

The electrolytic process; also results iflf about 56 cu ft (1586 1) of hydrogen gas being evolved 
per pound of ammonia nitrogen destr6yed. Provisions must be made to vent, bum, or 
otherwise adequately 'jbontrol the hydrogen gas evolved in the electrolytic process. 

The major disarfvantagb of the electrolytic approach is the subst^tntial amount of electrical 
. energy required. The electrical requirements of the air stripping (ARRP) system described in 
the preceding section are only about 10 percent of that required by the electrolytic process. 

■ ' - ■ ' .> 

7.4 Considerations ift Process Selection ' 

r ' ^ J , • 

^The selective ion exchange process has the advantages of high efficiency, *insensitivity to 

, temperature fluctuations, and removal of ammonium with a minimal additioir of dissolved 

■Solids. It may also be used' with regenerant recovery systems which enable the recovery of 

the nitrogen removed from the wastewater in a reusable form. Its major disadvantage is its 

relatively complex operation. The process should be controlled bya'systeih which will 

automatically initiate and {Jrogram the regeneration cycle and return the ion exchangers to 

normal service. . 



The process is particularly attractive for those cases requiring year-round high level removal 
of nitrogen and where effluent TDS is of major concern. Although the effluent TDS is 
increased by the process (see Section 7.3:2.3), the overall increase is much less than for the 
breakpoint chlorination process. It must be recognized in the sizing of the upstream process 
capacities that there will be backwash wastes returned from the ion exchange process. The 
capacity of the clinoptilolite may be predicted accurately, based on. the concentrations of 
ions present in the wastewater, minimizing the heed for pilot tests for defining ion 'exchange 
capacity. Pilot tests of the overall ion exchange-regenerant recovery system may be useful, 
however, in evaluating physical and economic aspects of the proposed system design as 
applied to a specific wastewater. . . \ \ 
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CHAPTERS 
AIR STRIPPING FQR NITROGEN REMOVAL 



8.1 Chemistry and Engineering Principles - . 

The ammonia stripping concept is based on very simple principles. Because of it^ siniplicrfyV 
it offers a reliable means of ammonia removal .v^'hen applied under appropriate conditions. 
The following sectid^Sescribes the basic concept * ' ' ^ ■ 

8.1.1 Basic Concept ^ ^ . ' 

' The' cquilibriujp equj^^^^^^^ 

I /\ - . \ '"^^^^^ ■; NH^ ^===r^ NH3^ + H"^ ; (8-1) 

1^ ;V At ambient temperatures :^i^ pH 7, the rea is nearly, comfe^^^ 

'. ammonium ions are pres:eiit:^As the t6 th6 

tight, ancj the fraction 6f .d^^^^^ gas increases'until at pH-val^^^ of '10.5-1 L5, 

. 'ei^entially all of the amjjionium is converted to NH3 gas.lisee Figure 6-2). The gaseous.form 

: stripping prbcess itself (Figure 8-j) consists of: (1) raising the pH of the water 
iv - J to. y^lues' in the range of 1.0.8 to 1 1.5 generally with the lime used for phQsphorus removal, 

' .'^ reformation of water droplets in a stripping towet, and (3) providing 

: & droplet agitation by circulation of large quantities of air through tlie 

A ; ■ ^ fowe%uJSj[j. for ammonia stripping of municipal wastewaters clQ^ely resemble" 

:■: Countercurrent towers^ as opposed to cross-flow towers, 

: ^ ' *. 

. enthalpy relationships and theoretical mathematical models 

v df^tfe':^ references 2, 3 and 4. Howeyer, these models are not 

' ■ ri^ and an empirical design -procedure is used^ 

• .B^^ considerations, the general environmental impacts of the 

'■^ \ -St^pp^^ obvious from Figure 8-1 that ammonia is being 

V the process solve a water pollution problem while 

' treating, an air ^^'^^^^ What is the fate of the ammonia in the atmosphere? 

^ T|]||se : questions m^^ addressed prior to the selection of air stripping for 

. 8.S^t|Vijronrnentat:^Cvii^M^^ ' , 

ThQrie^^^threig impacts wRibl^^must^ evaluated if use of the 
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FIGURE 8-1 
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ammonia stripping process is proposals r^ air-^. pollution, washout of ammonia from the 
atmosphere, and noise. If these three' |pjfcrns cannot be favorably resolved for any given 
situation, then the potential process advfetages of simplicity and low cost may become only 
academic. 



8.2.1 Air Pollution 



At an air flow of 50Q cu ft per gallon (3.7 m^/l) and at an ammonia concentration of 23 
mg/1 in the tower influent, the concentration of ammonia in the stripping tower discharge is 
about 6 mg/m^. As the odor threshold of ammonia is 35 mg/m^, the process does not 
present a pollution problem in this respect Concentrations of 280-490 mg/m^ have been 
reported, to cause eye, nose, and throat irritation.^ Concentrations of 700 mg/m^ can have 
adverse effects on plants. Concentrations of 1,700-4,500 mg/m^ must be reached before 
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human, or animal toxicities begin to.^ occur. Ammonia discharged to the atmosphere is a 
stable' material that is 4iot oxidizecl to nitrogen oxides in- the atmosphere. 6 Ammonia can ^ 
react.^with sulfur dioxjni^nd water to form an ammonium sulfate aerosol. Howqyer, for this 
tbhsicfpration to be a linutetion, the stripping tower would have to be located adjacent to a 
poi3tft source of sulfur dioxide, v / 

The production and release of ammonia as part of the natural nitrogen cycle is about 

50,000,000,000 tons per y^^. Roughly 99.9 percent of the atnipsphere's ammonia 
;CQi^centration is produced by. natural biological processes, primarily the. bacterial breakdown 
'j.o;f amino acids.^'^ Although !ihpy are relatively insignificant soyrces^ biifhing of coal and oil 

.produces measurable quantities of ammonia.^ The backo-ound levels Of anmipnia .in the 
:^tmosphere have been observed to vary from; .001 mig/m3.;.to'0.02 mVni'' vvith^^:^^^^ 

Oi006 mg/m-'.being typical. 6 ^ : : \ V ■ 

Availai^le' dl.fftfsioh technology can be used'to estimate the atmospheric concentira^^^ of 
^mbnia B^- a^ downwind of the^strtppihg- tpwep ' made for the 

Drqiige Cpunt^ California stripping tower forioW;mixing cpnditions (wind speecl 1 m/sec)., 
Tht resulting surface concehti^ti.ons at the centef of the downwind discharge zone including 
natural biaickground levels were as follows: ' / , . * .( . 

Distance from Tower . Surface Air Concentration 

ft. nr of Ammonia, mg/m^ 

^ • 300 91 5.2 '.■ J ■ 

■ ^ 1,000 305 : 1.6 

' . . , . 1,600 488 0.6 • 

3,200 975 * 0.2 . , 

. . . 16,000 4,877 . . ' 0.0006 

Background levels of ammonia are reached within 3 miles (4,8 km). No U.S. ammonia 
emission standards have been established by regulatory agencies because there are no known 
public health implications at concentrations normally ehcounjered. , 

The American Conference of Governmental Industrial Hygenists recommended in 1967 an 
occupational threshold limit of 35 mglrn^.^ The permissible" limit for ammonia in a 
^ submarine during a 60 day dive is 18 mg/m^.^ The Naivy's Bureau of Medicine and Surgery 
has recommended an ammonia . threSlibld limit fgr 1 hour of 280 mg/m^. All of these values 
are above, the 6 mg/m-^ which will typically occiir at the tower discharge! . As- noted above^ 
no ambient air quality standards for'amnionja e^ist for the United States.., flawq|jpr, such 
ambient air standards exist for Czechoslovakia, the;U.S.SiR., and Ontario, Cana,da, as shown 
below:^ . / • ■ 
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Basic Standard 



Permissible 



Location ' * 

-Czeehoslovakia 
Ontario, Canada 



■•■•V ^. 



mg/m^. 


Averaging. 


mg/m^ 


Averaging 




Time 




Time 


0.1 




0:3 


30 miji 


,0.2 




:o.2 . , 


20 min 


3.5 


30 mift" 





-^^i^ Washout bf-Amnioniai;fprpim Atmosphere 



turnover of a^^n^oriia■;in thej^^t^ with the total ammonia contentv 

- being 'dispTa^^ ojice per week on the average. AmmoniaTis returned to the e^rth through 
•/gaseoiis deposition (60 percent), aerosof deposition (22: percent), and precipUtation (18 
' pjer;eeht).5 Although not the most significant mechanism.for rembval of ammonia from the 
atmosphere, precipitation* does provide one pathway for the return of atmospheric ammonia 
to bodies 5f v^ter.and to soil. In rainfall, the natural background ranges from 0.01 to 1 mg/1 
with the mbst frequently reported values of 0.1 to 0.2 n)g/l. The amourit of auofimbnia i^].. 
rainfall is ^irectly related to the concentration of ammonia in the atmosphere; Thus,"" an 
increase in the ammortia in rainfall wpuld^occur only in that area where the stripping fower 
discharge increases the naturaf background ammonia concentration in the atmosphere. 
Calculations for the ammonia washout in the rainfall rate of 3 mm/hr(0.12 in./hr)have been 
made for the Orange County, California project with the following results: . 



Distance Fronn'Tower 



Peak Rainfall Ammonia 
Concentration, mg/l 



ft 


m 




300 




60 


1 ,000 


305 


18 


1 ,600 


488 


1 1 ' 


3,200 






16,000 


4,877 V 


0.5 



^ Tiie concentrations of ammonia in the rainfall would approach natural background levels 
within 16,000 ft (4.8 km) of the tower. The ultimate fate of the ammonia which is washed 
out by rainfall within this 16,000 ft (^.8 km) downwind distance depends on the nature of 
the surface upon which |t falls. Most soils will retain the^^ammonia. That portion which lands 
on paved areas or directly on a stream will appear in the runoff from that area. Unless the 
stripping towefis located upwind in close proximity to a lake or reservoir, the direct return 
of ammonia to the aquatic environment by' atn^ospheric washout should* not make a 
significant coritribution to the total ammonia discliarged to the aquatic environment. 
However, this- is a factor which must be carefully evaluated for each' potential application. 



Irro.toft and fan^ drive equipment; (2>^^^ >yater splashing. The following control 

njeaSures ai^ availSbkr .'^ *^ ' * ' 

Mi?t6rs^^^ — maintenance and insulation . . 

•^rans . —^reiluction in tip speed and exhaust silencers • , ' 
' Water — shiel(Jing of the tower packing and air inlet plenum ' i . 



Based on sound level measurem'ents from the tower at Lake Tahoe, the* expected, hqise level at 
the tower is calculated to be about 64 decibels (dBA). This noise-level-can be reduced^ to 46 
dBA at 600 ft ( 1 83 m) from the towers by control measures. The Orange County project (Sec. 
9.5.5.2) includes several specific noise control measures. Before cpnstruction of the plant, 
ambient nighttime noise levels in the residential neighl)orhood around the Orange County 
plant were 40-45 dBA. " * \ 

8.3 Stripping Tower System Design Consideratiohs ^ 

The' major factors affecting design, and process performance include the tower configuration, 
pH, temperature, hydraulic loading, tower packing depth and. spacing, air flow, and control 
of calcium carbonate scaling. , / 

8.3.1 Type of Stripping Tower 

Tjiefe are two basic types of stripping towfers now being used in full-scale applications: 
counter current towers and cross-flow towers (see Figure 8-2). Countercurr^nt towers (the 
Entire airflow- enters at the bottom of the tower while the water enters the top of the tower 
and falls to the bottom) have , been found to be the most efficient. In the crossflow towers, 
the air: is pulled into the tower through its sides throughout the hqight of the packing. This 
type of tower has been found to be moire prone to scaling problems (see Section 8.3.7). 

•;- 8:^.2 pH , ■ ; " ' , : • . 

The pH of the-water has a major effect on the efficiency of the process. The pH must be 
raised to the pomt^hat all of the ammonium ion is converted to ammonia gas (see Section 
8.1.1). If phosphorus removal is required, the use of lime as the coagulant will generally 
enable the necessary pH elevation to be acfiieved concurrent with phosphorus lemovaL 'If 
pH, elevation does not occur in some upstream processes, ||en the, economics of the 
stripping process are adversely affected since the costs of pH. elevation m'u^t then be 
incurred solely for amtnonia stripping. . / ; 



TYPES OF STRIPftNG TQWERS (REFERENGE 8) 
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8.3.3 Temperature 

A- critical factor is the. air temperature. The vyater temperature reaches equilibrium at a value 
near the air temperature in the top few inches of the stripping tower. As the water 
temperature decreases, the solubility of ammonia in water increases and it J^ecomes more 
diffictilt to remove the ammonia by stripping. The amount of air per gallon must be 
increased to maintain a given degree of removal as teintperature decreases. However^ it is not 
practical to supply enough air to fully offset major temperature decreases. For example, at 
20 C, 90-95 percent removal of ammonia is typically achieved. At lO C, the maximum 
practical removal efficiency drops to about 75 percent; Data collected in pilot tests by EPA 
at the Blue Plains plant in Washington, DXf well illustrate the temperature effects and are 
'shown in Figure 8-3.9 In warm weather tests at pH 11.5, with inlet air and wate^'. 
temperatures averaging 25.5 C and 26 C Respectively, air stripping cooled the outlet water 
temperature by evaporation of the liquid within the tower to an average, of 22.2 C. In a 

■ ■ . ■ ^ ::■ -y.- ■ ■ •. . ^ ; . ■ ■■ •■• ' ' •,■ : ■ . ■■■ A^^.. 
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nGURE8-3 
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EFFECT OFTEMPERATURE ON AMMONIA REMOVAL EFFICIENCY. 
' pBSEIgnSD AT BLUE PLAINS PILOT PLANT ^REFERENCE 9)^ . 
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:^.3^^0<fiitaulic Loading 



The hydraulic loading ^te of the ^^yer is an important factor. This^ls topically expressed in 
terms of gallons/minute apph&d^ to eafch square foot (or l/m2/sec) of the plah varea'^f the' 



tower packing. When the hydraulic loading rates become too high, the good droplet 
formation needed for efficient stripping is -disrupted and the water begins to flow in sheets. 
. If the rate is too low, the packiiffe may not be properly wetted resulting in poor performance 
and'- . scale accumulation. Data collected in .pilot tests at South 'Tahoe illustrate ^ this 
relationsl'iip and are shown in Figure 8-4.^0 optimum summer conditions,, the pilot data 
indicate ^tttat a . flow rate, of 2 gpm/sfi(1.4 l/m^/sec) is compatible with efficient tower 
operation at 20-24 ft (6.1-7.3 m) packing depths. Adequate floNv distribution over the entire 
packing area is a critical factor. Full-scale towers at Orange County and Pretoria, South^ 
Africa are based on tower loadings of 1-1.13 gpfn/sf (0.68-0.77 l/m^/sec). 



FIGURE 8-4 



PERCENT AMMONIA REMOVAL VS. SURFACE LOADING RATE 
FOR VARIOUS DEPTHS OF PACKING (REFERENCE 10) 
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8.3.5 Towei Packing ' ^ ■ . m 

• 8J.5.1 Packing Depth ^ . >t 
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The depth of tower packing required for maximum ammonia removal will depend ol^e 

•tower packing selected. Most stripping tower 4esigns are based on the use -of an open, 

cooling tower-type packing (horizontal packing ipembers spaced aboiit*2 in (5.1 crti) apa^f 

both horizontally d^d vertically) to minimize the power required- to move «fidequate air 

* quantities 'through the tower (see Sec. 8.3.6j.^If maximum removals are desired, tower 

picking depth should be at least 24 ft (7.3 m) jj^dth this type of packing, unless pilot plant 

data indicate that a lesser depth of a specific 5)ack1ng will accomplish the required removal. 

.Packing v/ith members spaced more than 2 inches (5.1 cm) apart may^require greyer depths^ 

and pBot tests should be. run to determine the fequired depth if greater spacings are 

proposed. . ^ ' * ■ • - ' 

. ■ ■ . • ' . • ■ . ^ ■ ■ • 

• ■ ' ^ ■ ^ ^- * 

8.3.5.2 Packing Material dnd Shape W' 

' • ^ • • . , ' ■ ■, ^ 

Both wood <Lake. Tahoe) and plastic packings (Orange County^) have been used in fullTSCde 
towers. The smooth plastic surfaces agpear^to be one factoj; accounting tor reduced- calciiim 
carbonate scaling at the Orange County^cility. Plastic packing has^arf advantage in that it* 
4oes not suffer from the delignification that occurs with wood xit elevated pH values. 

' Pilot studies at Orange County evaluated^ree different types of paclpng: Vi inch (1.27 cm) 
diameter PVC pipe, triangular shaped splash bars, aniStiv^ertical film packing |ike that usecJ'in .. 
cooling towers.' 1 With vertical packing the Water moves in a thin film dcJwn vertical s|ieets^ 
of packing rather than moving as droplets as occurs in packing composed of horizontal 
splash bars. The film packing was found to provide only 50 percent or less ammoma;remov^ 
'and was eliminated' from consideration early in the tests. Film packitig fails to provide the' 
repeated droplet formation and ruptur^ needed for efficient^tripping. 

\ ■■ ■ ■ ■ . • ^ . 

Since repeated splashing and droplet formation is a key parameter in ammonia stripping, a 
triangular sharped splash bar was testfed. It was thought that it might provide two points of i 
droplet formation compared to only one for a round splash bar. It was observed that droplet 
formation throughout»the tower still occurred at only one point. The water fiowed down' . 
the sides of the triangle and around the^comers, where it collected on the base and dripped 
,.frofn a single point. Air flow and pressure drop measurements were made on both the 
- circular and triangular packing.. The static, pressure drop (24 ft or 7.3 m packing depth) was 
0.40-0.44 in (1-1:1 cm) of water when the triangular packing was used, compared to 
0.36-0.40 in (0.9-1 cm) of water, when the circular packing ^yas used. No significant 
differences in ammonia removals were noted between the round and triangular shaped 
packings. 
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8.3.5.3 Packing Spacing and Configuration 

Figure 8-5 is a sideview of a typical packing configuration using wood or plastic slats. In this 
example, Hie slats are spaced 2 in. (5.1 cm) apart (center to center) on the horizontal and 
1.5 in.(3.8 cm) apart vertically. Thii spacing, is referred to as 1.5 x 2 in. (3.8 x 5.1 cm). 
Figure 8-'6 shows that the. spacing of the tower packing is important in determifiitg the air 
requirements for ammonia stripping. The 1.5 x 2 in.'(3.8 x 5.1 cm) packing has 2.66 more 
slat;? for droplet formation and coalescing than does a 4 x 4 inch (10.2 x 10.2 cm) packing. 
Although spacing the packing members closer than 1.5 x 2 inches (3.8 x 5.1; cm) would 
intprove performance, the increased pressure drop would greatly increase po^wer -fc^sts (see 
Sec. 8.3.^). . ■■ ■ ,. ' 

. ' . ■ . \ ■ \ . ■ ■ . ' ^ 

Tests at -Orange .t^ounty indicate that packings in which alternate layers of packing are 
placed at right angles^ rather than the parallel position shown in Figure 8-5, maintains better 
flow distribution and may be less susceptible to scale accumulation. 

'• " * * . ■ 

, ■ ' FIGURE 8-5 

■ , ■ . ■ 'i ■ ■ ■ 

* . ILLUSTRATIVE PACKING CONFIGURATION 
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EFFECT OF PACKING-SPACE ON AXR REQUIREMENTS 
AND EFFICIENCY OF AMMONIA STRIPPING (REP. 1) 
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. 8.3.6 AirFlow 

Gas transfer relationships indicate that an increase in ammonia removal' can be achieved by 
increasing the air flow for a given tower height (see Figures 8-3 and 8-6). However, there is a. 
practical limit on air flow rate due to the increase in air pressure drop with increasing flow 
rate. This results in higher capital investment fot fans and increased power costs. The air 
pressure drop in a countercurrQnt tower is given as;* 2 



P = f zQ . 

^air 



(8-2) 



where: 



f = 
Q ■ = 

^air 



Pressure drop, in. of water 
Fanning friction factor 

3 2 

Air flow rate, CU ft/min/sq ft (m /min/m ) 



z = Packing height, ft 



8-n 
359 



Pressure drop increases exponentially With air flow rate. In general, air velocities of 55.0 cu 
ft/min/sq ft (1600 •m^/min/m^) are considered to be' the practical' upper Hmit for 
countercurrent towers. The friction factor should be obtained from the packing manufac- 
turer. Qeneral guides for wood grids' are avaijable in reference 3. • ^ ■ 

Figure 8-3 reflects the effect? of the ratio of air to wastewater as observed at the Blue Plains 
pilot plant. These data are in general agreement with similar pilot data collected at South 
Lake Tahoe (Figure 8-6). For warm weather conditions, typical air requirements are about 
300 cu ft/gal (2240 m^/m^) for 90 percent removal and 500 cu ft/^gal 3740 rn^/m^ for 95 
percent fbmoval. In cold weather conditions, the air requirements to achieve maximum 
■ tower efficiency increase' substantially .:^tull-scale data at Tahoe indicate that, for their ^ 
packing design, air flows of about. 800'^cu ft/gal (5980 m-^/m^) would be needed to achieve'' 
90. percent removal at an air temperature of 4 C. However, reliance solely on the stripping 
process in cold weatlier conditions is usually not practical, and most designs are based on 
moderate to warm weather conditions. Typical air design quantities for 90 percent removal 
-are as follows: Orange County, California - 400 cf/gal (2990 m^/m^); South Lake tahoe - 
390 cf/gal (2920 m3/m3); Pretoria, South Africa - 338 cf/gal (2530 m3/.jh3). 

The required air quantities are- usually provided by a fan located on top of the tower. Two 
speed fan motors may be used to better match air supplied to the actual requirements. 
Because of the low pressure drops associated with the types of packings typically used (less 
than 1 inch or 2.5 cm water), the horsepower requirements* for the fans are not gre#t for 
these large quantities of air. For the 15 mgd (0.65 m^/sec) Orange County plant, the total 
installed fan brake horsepower is 1380 HP. 

8.3.7 Scale Control 

A factor which may have an adverse effect'on tower 'efficiency is scaling of the tower 
packing resulting from deposition of calcium carbojiate from the unstable, high pH water 
flowing through the tower. Scaling potential can be minimized by maximizing the extent of 
completion ^of the calcium carbonate reaction in the lime treatment step. Using -a-high level 
of:sb^ds!§i-ec^,cle in the clarification step will ensure more complete reaction. Another 
appro^h i^ to^limijaateCO? from th^'>air(seeSecrion8.4). • 

• \ ' - * - ■ ■ 

The original etossflow tower at the South Lake tahoe plant has suffered a severe scaling 
problem. The severity of the scaling problem was not anticipated from the pilot studies in^* 
which a countercurrent tower was used. As q result, the full-scale cross-flow tower packing* 
was not designed with access for scale removal in mind. Thus, portions of the tower packing 
are inaccessible for cleaning. Those portions which were accessible were l|eadily' cleaned by 
higli pressure hosing. ^; , 

The severity of the scaling problem hus varied widely. PerJ^aps the most sc^vere case is that 
reported at the Blue Plijins pilot plant.9 When operating a^ a pH of' 1 1.5, a heavy ^cale of^ 




calcium carbonate formed on the crossflow tower packing,(polypropylene grids). The scale" 
was crystaliine, hard, and could not be removed by a high pressure water hose. In contrast,, 
several mcrnths|^f operation of the countercurrent pilot tower at Orange County 'at pH 
values above 11 resulted in only a thin coat of calcium carbonate scale on the 0.5 in.(l'.3 • 
cm) diameter PVC pipe packing. The thin coat of -scale stabilized and didjipt continue to 
accumulate. The scale was friable and easily renrOved by water hosing. The Orange County, 
pilot tower was later moved to South Tahoe where several months of operation indicated no' 
scale buildup. The differences in operation "between the pilot tower at Tahoe and the' 
full-§cale Tahoe tower were as follows: packing of plastic rather than wood; packing shape 
rovmd rather than rectangular, countercurrent tower rather than parallel. The relative 
importance of these factors in eliminating the scaling noted in the full-scale Tahoe tower is 
uncertain. The experience with the full-scale (1 mgd) countercurrent tower at Pretoria, j 
South Africa is sfmilar to th^at at the full-scale Tahoe tower in that the scale formed can be 
readily pushed from the packing by a water jet. The feeding of a scale-inhibiting polymer 
to the tdwer influ^ent may also offer^ a means of scale control and such provisions aje being 
made in the Orarige/Oountytacility, - T 

In light of the. as-yet unpredittable nature of- factors contributing to scaling of tower 
packing, it is prudent to conduct pilot tests for 3-6 months on the-specific wastewater 
involved with the specific tower configuration proposed. The pilot vs.. full-scale experience 
at Tahoe and the . independent pilot tests at Orange County indicate that the use of 
countercurrent rather than- crossflow -towers will reduce scaling problem^. .Also, access 
should be provided to all of the tower packing for cleaning (see Sec. 9.5.5.2 for a discussion 
of the Orange County plant). 

. •"" 

8.4 Ammonia Recovery or Removal From Off-Gases v ' 

. ■. • ■ ■ - ■ " " 

As noted earlier, the calcium carbonate scaling problem can be minimized or eliminated by 
removing carbon dioxide (.CO2) from the stripping air. This section describes two 
approaches which accomplish this goal by removing ammonia and COo from the off-gas*, 
from the tower and recycling the air. . , \ ' . • 



8.4.1 Acid Systems 



An approach- to overcoming the limitations of the stripping ^^e^s 'is ; currently b^ir^^ 

developed. 13 it appears that the process overcomes many iirtit^liojis of ^ 

process and has the advantage of recovery of ammonia as a byproducit.'' v ' ^ ' f 

The improved process is shown diagramatically on Figure 8-7. .Tj}i(? 'pro,cg!?s includel^^^ 
ammonia stripping unit and an ammdnia absorption., unit. Boflj of\these .imjt$' a^ 
from the outside. air but are connected by appropriate ductiif^. Thl^stripfMn^'a^^^ 
initially is air, is maintained in a closed cycle. The stripninj|^airlit ppefates. ln the';sattia« 
manner as is now being or has been done in a number of system^Svitli tne ex;^c€p^6d tlfiit^e 1 



/iili flie ex;^c€pTi6d tlfii^ 

gas stream is recycled rathej;/than outside air being used in a single p5s*ma|ifier. / ' 

■ , , '^ -- S 
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FIGURt 8-7 
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absorption uriit.^iSebause (^y^ey^aybrable/kmetics of the absorpUon;^^^ *| 
unit may be reduced infflp^^fiabput one tllifcj from 'that i^quirfed^^^^^^^ 
The aJ?sorlping liquid is rt^wp^ed at a lOw^H to convertabsoTbed and di^^^ 
gas to ammonium ion. Tht^^ectively -t^^ ammorlia and „ also has;I 
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milar. to the : stnppii\g uriit, but will 'ilsuali>[, b,e shigil]^ th^ 
ion process. . \ ; ,^^* ■'^''^ A' ; If-) 



tower using sprays^imilar. 
kinetics of the absoMtion 



The 'absbrl^t li.qfi!^^tially ^consists 6f iwater with acid to pbtJUli lbw*^^^ 
' 7). In >Hresimpi|s^Mse^ ab ammonia gas-is'.dissplved in the'absprb^nt jj^^^ c^nvefted 'to 
ammoi|iun:i ions;*^^is added t6\_mamtain ^e' desired pH. If sulftipc'j/cid i^ atf^^, as . an 



4 



example, an auTimoniu sulfate salt solution is formed. This salt solution continues to build 
up: in concentration and^ the ammonia is finally discharged from** the absorption device as a 
liquid ojf 5,oHd (precipitate) blowdqwn of the absorbent With shortages of* ammonia based 
, f6rtilizers,'.a saleable byproduct may result. Ammonia sulfate concentrations of 50 percent 
are obtainable. 



5 

V.I 




;Mist eliminators are necessary between the absorber and stripper to prevent carryover of the 
aj^jy:Miia . laden moisture from the absorber to the stripper effluent. Because of the headloss 
/iS '-^^mist eliminators and absorber packing, tetal headloss for the air approaches 2 inches 
^ ^(5.1 cm)* It is believed that the usual scaling problem associated with ammonia stripping 
wers .'will be reduced by the improved process, since the carbon dioxide which normally 
reacts witH the calcium and hydroxide ions in the water to form the calcium carbonate scale 
is eliminated from the stripping air during the first few passes. The freezing problem is 
eliminated due to the exclusion of nearly.^all butsidje air. The treatment system will normally 
operate at the temperature of .the wastewater. 



As discussed in Chapter 7, this approach is being used for stripping of ammonia from 
^ selective ion exchange process regenerant. Because of the -higher power^ requirements (as 
compared \o single-pass stripping), the use of this process may be limited to regeneration of 
the^ brines from, the seledtive ion exchange process. Full-scale designs of this application ^re 
underway for a 22.5 mgd (1 .0 m^/sec) plant serving the Upper Occoquan Sewage Authority, 
Vjrgiijia and for a 6 mgd (0.26 m-^/sec) plant for the^ahoe-Truckee Sanitation Agency, 
Califoi'nia. Design criteria for this application are jifesented iii^-^ec. 9.5.4. L which describes 
the Upper Occoquan plant. / 



B.4.2 Nitrification-Denitrification 



Another approach to achieving many of the same objectives of the acid system described 
aboye is 'also being .developed;' 4 jhe system, termed the Ammonia Elimination System 
(AES), is'shown in Figure 8-8. Basic elements of thcr-process are as follc^ws: 

;1. Ammonia Stripping Tower. Ammonia is transferred in this tower from^f||j'e liquid 
V . r . stream to the gas stream at high pH. 

2. Ammonia Absorption-Oxidation Tower. Ammonia is triansferred from the gas 
stream to the liquid stream at about pH 8. Ammonia- is oxidized to nitrate by 
nitrifying bacteria in this tower, The following reaction' summarizes th^ reactions 
in this tower: , • 

NH3 + HCO3 + 2O2 ^ NO3 + H2CO3 + H2O ' . (8-3) 

3. Denitrifying Reactor. Nitrate is reduced to nitrogen gas in this reactor (methanol 
or a waste carbon source is added to the reactor) as shown by the reaction: 



, : NO^ + 1/6 H2CO3 + 5/6 CH3(0H) — 1 /2 N^j + 8/6 + HCO3 ' ' (8-4) 

4, Solids Separation. Denitrification organisms are settled from, the process stream 
and are returned to the ^enitrification reactor, or wasted, 

, 5. The overall reaction in the AES system can be found by adding equations 8-3 and 
.8-4: ' ^ . 

NH3 +'262 + 5/6 CH3(0H) ' ^ 1 12 f + 7/3 + 5/6 (H^COg) . . (8-5)' 

♦ FIGURE 8-8 ^ • 
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The process has tw© recycle strefims, a gas recycle stream and a'li'quid recycle stream. The 
process configuration allows nitrogen to be treated separately from 6ther waste contami- 
nants; the"'AES tan be inserted in a treatifient scheme where nitrogen is in the ammonia 
form. ' ^ , - t 

The AES has the following advantages in common with either, ammonia stripping or the 
three-sludge biological system: ^ 
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1. Removal of nitrogen from the mam flow stream by a physical process (which has 
advantages over biological systems in teniis of.ease of process control) " 

. 2.. Isolation of the nitrifi^/on stage from most agehts in the plant influent which 
are toxic to nitrifyin^ffganisms. 

3: Isolation of the'ammonium oxidation stage from the carbon oxidation or removal 
stage. 

4. -Nitrogen is eliminated frbip the system as inoffensive nitrogen gas. 

In addition to the above advantages, tlie AES has the follo^ving. potential advantfcg^^^ 
shared by either ammonia s^tripping or the, three sludge system: ^ ^ 

1. * The Insulation and heating of the liquid recycle streams, x)jrfaation; column, 
denitrification reactor, and clarifier(s) to increase pVoce«r efficiency Becomes: 
economically feasible* . . 

A waste-carbon Source may be used in place of methanol, since denitrification is 
J .)., *accomplished on a side stream. ' 

The AES shares the following advafitages of the acid system described in Sec. 8.4.1 : 

1. Free ammonia gasds not discharged to the atmosphere. . ' '^'l^ y-'v^- - 

2. Water vapor is not discharge^4;'o the atmosphere, in large volumes. 



3. The heating of air to prevent tower freezing and increase process efficiency 
becomes economically feasible due'to gas recycle. v • * 

4. , Gas recycle reduces scaling problems in the stripping tower as recycle gas will be 
very much lower in GO2 content than atmospheric £iir. 

From Equation 8-4, it can be seen that there is no net requirement for acid, as in the acid 
system descrijbed in Section 8.4.1. / , • 

.8.5 Stripping'Ponds ' . . 

The Sputh Tahoe. system has b^een modified to reduce the impact of temperature and scaling 
limitation^ encountered at the plant.^^^ Basically, the modified process consists of three 
steps (See"^ Figure 8-9): (1) 'holding in high pft, surfacp agitated ponds, (2) stripping, iii a 
modified, crossflow forced draft tower through water sprays' installed in the tower, and (3) 
breakpoint chlorination (see Sec. 9.5.5.1 for pilot ptent results). This system vvas. inspired by 
observations in Israel of ammonia nitrogen losses ffpm,(ugli pH holding ponds. V6 
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Pilot t^sts at South Tahoe indicated that the release of ajtfim^h frohrhigh pH'porids eould 
: be accelerated by agitation of the- pond surface. In the modified Tahoe system, the high pH 
affluent from' the lime clarification probe&s flows to holding ponds. Holding pond det^ 
times of 7-18 hours are used in the mqQified South Tahoe plant. The pond contents are 
agitated and recycled 4-13 times by pumping, the "pond contents through vertical spray, 
nozzles into the air above the'^onds. The holding porjd detention time and number of 
recy cles vary with plant flow \vith tfie time and cycle? decreasing as plant flow inc^ 
least 37 percent* ammonia removkl 'in the ponds is anticipated, even in cold weatHer; 
conditions. The pond contents are then sprayed into the forced draft tower The packing 
has been rempyed from the toylfer and the entire area of the tow^r is equipped with w,ater 
sprays. At least 42 peitent removal .of the ammdnia in the pond effluent is anticipated, 
. based oil pilot test^ from this added spray in cold weather that includes r 

jjtond effluent through the tower to achieve 2-5 spraying cycles. The ammonia escaping this 
procesfs is renioved by downstream brealcpoint chlbrination. It appears that stripping ponds 
offer an approach that takes advanta^ of the low cost and simplicity of the stripping 
^process for removal of , the bulk of the .nitrogeiiy' making breakpoint chloririation more 
. attractive for complete removal of aminonia,, V 

8.6 Considerations in Process Selection . -t . 

• ■ ; One of th^, great, advantages of air stripping is its extreme simplicity. Water is merely 
pumped to%e top of the tower at a high pH,. air is drawn through the fill,; and the ammonia 

, is stripped from the water droplets. The only control required is the proper pH in the 
influent wa^r. ^his simplicity of opejratibn enhances the relisibility of the process:' The 
process cosjs are klso significantly less than any alternate "liriethod of nitrogen re^ipvkl, 
assuming that' the ijiee^ed pH eleV&tion occurs in conjunction with upstream phosphorus 
removal;.-,. , '■. 

The major engineering limitatj^ornvdri/^^^ the process result frbm its sensitivity to 

; temper^jje . variations and from 'j^j^^^ the tower packing; The 

first of . these limitations Is that /p in Section 8.3.3. Ammonia 

' removals decrease as air and vjafe^^ decrease. AtttlipUgh in creased air flows can 

Y\ : offset temperature effects to spm,^ 4 is not practical to. $upjply enough air to offset 

. major tertiperature drops. It has not been practical to operate strip^)ing towers at ambient air 

teni^^erat^^ .below 0 C. Of course, this is not^a limitjjlibrf in cHmates where freezing, 
^ . temperatures do npt occur or for plants where nitrogen i^pval is not required (Turing cold 

or freezing weather. Modifications (Section 8.4) of the amyiionia stripping process ar| being 

developed which may eUminaie temperature Umitations. * 

For applications in cold weather where a high degree of nitrogen removal is required, the 
stripping process itself will generally not be adequate. It iis usually not.practicalto heat tlib 
large quantities of air required for the*stripping process unless pneis so fortunate as to have a 
large source of waste heat in proximity to the stripping toweK(see S^tion 9:5:5.2 for a 
I. description of tlje use of Waste heat froni a desaltin^plant to heat stripping tower air while 
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, providing needed pooling oyegalting piant water and wastes). The use 'of the stripping 
process supplemented a^ needed in cold weather by breakpoint chlorination is a process 
n^d !n?1?' ^t^^'^tive^in somd cases whbre efficient cold weather opeVati on is 

nq^ded.and pold weather .Conditions do not persist (or prolonged porticns^of- the year • • 

■ ■ ' ■■• - ■'. '' -'P ■ ^ ■ ' v..' . ' 

" ^ POte^t'^^y serious.prbbleni is the formation and accumulation of calcitim carbonate scale 
on, the tower packing. Designs should an ticipate. this prbblem and provide for easy access for 
cleaning the packing as has been donfe in the Orange County tower (Sec. 9.5.5.2). It appears 

. that scaling. is. not as severe"^,n a count'ercurrent tower as iri a crossflow tower and that scale 
does, not adhere as tightly to the smooth; hard'surface of plastic packing as it does to the 
rough, soft wood surface. The more ope^n "criss-cross" type of packing developed at Orange 
County may also be more resistant to scale accumulation than the parallel packing 
arrangement used at Tahoe. Experi.errge^to, date indicates that if adequate provisions are 
m^de in the design of stripping towers for' access to packing, in many cases scale removal 
can be accomplished by , water.sprays vyithout the use of chemicals or mechanical means 
However, this is' a factor that, deserves special consideration and investigation at each 
location, since the scaling characteristics of different wastewaters may differ markedly' In 
hght of the as-yet unpredictable nature of causes contributing to'scaling of ^toWer pa.cking it 
wpuld be' prudent to conduct /pilot tests for 3-6 months on the specific wastewater involved 

•with the s|)ecific tower configuration proposed: .. . " " 
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CHAPTER 9-^' 
TOTAL SYSTEM DESIGN 



9.-1 Introduction ^^1^^ ■2^^*' 




^With a defined set of effluent qukTSf /Objectives, the eny develop a 

cost-effective treatment system that is. suited to the local situation. A variety of nitrogen 
'reinoval options are presented^ in this manual that may form a p^ of the total treatment 

• systlm. No one combination of processes is universally applicable. 

^The-^inain ^thrust of this chapter is to present specific examples of treatment systems that 
h^yg^ been selected and implei^ented. Design concepts that have evolved' to suit local 
cixcSimstances are emphasized. , • 

9.2 Influence of Effluent Quality Objectives on Total System Design 

The effluent quality obtainable from a treatment system has the most significant impact on 
its selection or rejection. When only ammoftia removal (or conversion)' is required, as 
opposed to total, nitrogen removal, cost considerations would dfctate selection* of 
nitrification over any other method o/ ammonia removal in most cases. Exceptions would 
be low temperature ( < 5 C) situations or where toxicants* which cannot be effectively 
removed by .a source control program are present in the wastewater: Other possible 
exceptions are cases wherein influent nitrogen levels are so low that they can be 
economically removed by breakpoint chlqrination and where the carbon to nitrogen ratio is 
such tHat all the nitrogen can be assimilated into biomass during biological oxidation of 
organics, * i 

In Section *2.5. 5. the effectiveness of each type of process in removing the various riitroge;i'- 
species was summarized. Tables "9-1, 9-2 and 9r3 contain^epresentative nitrogen data for 
fihal^fluents from systems incorporating nitrification-denitrification, ion exchange, and 
breakpoint chlorination. Ammonia stripping has not^een included, since it Usually must be^ 
backed up py breakpoint chlorination to achieve consistently low efflpent nitrogen levels. 
These systems are capable of producing average effluent nitrogen levels ^of 2.0 to 3.0 mg/1, 
^whether the nitrogen removing processes are biological or physical-chemica[l in nature. 

fiach nitrogen removal system should be assjsssed-^fr^Jthe standpoint of its reliability in 
meeting ^effluent objectives. Factors resulting in the f^ulure bf a system to achieve nili;ogen 
rehibval objectives are as follows: 

' : T. Toxicity upsets , ^ ' ,r ' . ' 



2. Overloading 
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3. Design deficiencies ' 

4. Poor operation 



5. * ^e#iahical faUures 

6. Changes in influent quality 



EFFLU^TNI^OGEN CONCEN||lATIONS IN TREATMENT 
SYSTEMS INCORPORATING NITRIFICATION - DENITRIFICATION 





«» 




Scale 


r4 

Period, 
days 


V " — 

Average effluent nitrogen,' mg/l 




- (J 

*Type and process sequence 


Location 


Ref. 


mgd 
(mVseq) 


brganlc-N 


4 




no" -N 


Total 
N 


Lime treatment of raw^ewage, 
nitrification, ^ 
deriltrlfLcatlon 


CCCSD,Ca. 


— T- 

1 ■ 


(0.022) 


90 


1.1 


0.3 


0.5 


, 0.0 ■ 
1 > 


1.9 


Primary treatment, 

high rate activated 
"sludge, nitrification, . ^ 
■ denltrlflcatlon, 
filtration^ 


Manassas, 
Va. ■ 


2 


0.2 
(0.0088) 


120 


0.4 


0.0 

t i 


0.7 


0.0 


1.5 


•Primary treatment, 
roughing filters," 
nitrification, ^ 
denltrlhcatlon , 

. filtration- ^ 


El Lago, 
Texas 


^3 


d.3 
(0.0132) 


55 

r . 


0.8 


. 0.9 


0.6 


0.0 


2,3' 



CCCSD = Central Contra Costa Sanitary District 
System 1, Fig. 9-1/ . . 
^System 3B, Fig. 9-2^" , 



Coarse media 



TABLE 9-2 

EFFLUENT NITROGEN CONCENTRATIONS IN 
TREATMENT SYSTEMS INCORPORATING ION EXCHANGE 



.Type and process sequence 



Locatlorr 



Ref. 



Scale, 
mgd 



Period 
days 



Average effluent nitrogen, mg/l 



Organlc-N 



NH -N 
■ 4 



NO^-N 



To^al 
N 
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\ raw wastewater, 

* two-stage recarbonatlon, 
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c 
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c 

. carbon'. Ion exchange , 
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D.C. 
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0.05 
(0.0022) 



Pilot 
sc.ale 



90 



na 



2.4 



3.6 



0.5 



4.5 



2.9. 



na - not available 



Intermittent operator attention only 
^Sy^m 2A, Fig. 9-1" 



. Assumed negligible 
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EFFLUENT NITROGEN CONCENTRATIONS IN TREATMENTSYSTEMS 
INCORPORATING BREAKPOINT CHLORINATION 
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raw wast-ewater, 
'two-stage recarbonatlon , 

filtration.' breakpoint 

chlorlriatlon, activated 

carbon 


Blue Plains, 
D..C.. 

Same, 
digital 
• control 


. 4 
6 


0.05 
(0.0022) 

0.05 
(0.0022) 


120 

9. 


na 


na 

. . na 

> 


na 
na . 


na 
na 


. ■ I s^: 
1 . 6 . 


Lime treatment of ■ 
raw wastewatei*. 
filtration, activated 
carbon, breakpoint chlorin-. 
atlon, and dechlorination 
by activated carbonb ^ 


Owosso, 
Michigan 


7 


0.02 
(0.0009) 


11 


0.58 


1.42 


c 


c' 




Primary treatment, 
oxidation ponds , 
algae, removal by 
alum-flotation, 
filtration, breakpoint 
chlorlnatlon 


Sunnyvale, 
Ca, 


8 


0.01 
(0.0004) 


2 


2.6 . 


.0.2 


. 0.4 


■ 0.0 


3;2 


a ■ ■ - ■ 









na = not available from publication 
°System 2A, figure 9-1 
^Assumed to be negligible 

Estimated . . » ^ 



Toxicity upsets affect only biological nitrogen removal processes. A degree of protection 
against toxicity upset can be prd(rided for the nitrification-denitrification sy^^i^m by 
providing pretreatment processes as described in Section 4.5.3. Several case histories are 
presented in this manual which show a very high stability for the biological processes due in 
part to pretreatment. There are classes, of toxicants, such as nonbiodegradable solvents 
which are not effectively remdved by pretjeatment. Reliability under tljis circumstance is 
dependent on source control. Under some ' circumstances, the. reliability of the source 
control program may be not effective enough to allow dependable nitrificatiofi. 

The other factors listed affect both physical-chemical and Wological' systems to varying 
degrees. Overloading can be ' defined as operation whiclgexceeds design conditions 
Obviousjy both physical-chemical and biological procesJ|can be: expe-cted to Ipse 
effectiveness when overloaded. ■ 

Theoretically sound processes can fail to meet objectives due to design deficiencies 
mechanical breakdown or poor operation. This is true for bbth«hysical-chemical processes 
and biological processes. ' ^ 

Some of the' nitrogen removal systems are more sensitive\to the , form of nitrogen in the 
influent than others. Generally, the physical-chemical prScesses^are geared to a specific 
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chemical form of nitsggen; for instance, urea cannot be removed by air stripping, or . 
breakpoint chlorination'. Biological systems hav^the inherenty^apability to transform a • 
multitude of nitrogenous compounds to ammonia for subsequent conversion to nitrate, a 
. form suitable for der>itrification. Thus, if changes in the distribution of influent nitrogen 
compoijnds occur with time, .the biological processes may be more able to adapt to 
treatment of the new compounds than the physical-chemical processes. 

In sum, the issue of relative reliability of the various approaches is mixed, and it cannot be 
claimed that some specific approach has a clear advantage over the others for general 
application. When stringent regulations require enhanced reliability, it is relatively simple to 
provi(le breakpoint chlorination foreffiuent polishing. Since breakpoint chlorinatiojn Jias no . 
effect on nitrate of nitrite, it cannot make up for deficiencies in the denitrification process. 
However-, in the nitrification-denitrification system, it is the nitrification step that is. most 
susceptible to upset, and the breakpoint process provides full backup for it. 

9.3 Other Considerations in Process Selection 

Costs of the alternative nitrogen removal systems, are specific to each situation and 
time-frame and generalizations about the alternatives are difficult to make. Long-run . 
'operating costs are of interest, but the long-term prices of chemicals and en^gy are ^ 
particularly difficult to estimate. * ' . 

■ /.■■ . ■ . ' 

^Tot^l dissolved solids (TDS) in the process effluent is sometimes a consideration, biological 
nitrification-denitrification results in little change in TDS, whereas both ion exchange a^d 
brearr^bint chlorination result in an increase in TDS. e ; 

Low liquid temperature,s (<10 C)Joften favor physical-chemical systems be^cause the 
tartHc age requirements Tor biological nitrification-denitrification become very ^rge. Biologi- 
cal nitrification-denitrification becomes less cost-effective below 5 0» • 

Receiving water standards or efnuent requirements may dictate intermittent nitro'feen 
removal. Tyjjis requirement may favor breakpoint chlorination. An example is the nitrogen 
removal facility for the Sacramento Regional lS^atment Plant, described in Section 9.5.3.1. . 
In this case, breakppint chlorination was chosen because its relatively low capital cost 
avoided the higher flowed costs of the other alternatives. 

9.4 Interrelationships with Phosphorus Removal . ' ^ 

Phosphorus removal is the subject of. another publication of the EPA Office of Technology 
Transfer.^ However, experience Jndicates that the niajority of treatnfient plants being 
designed for nitrogen removal also have a ijequirement for phosphorus renioval. As these two 
requirements have very different infiuences on treatment plant de^gn, some consideration 
needs to be, given to how nitrogen and phpsphorus removal are interrelated in. treatment 
system design. ■ . 



»■ , 9.4. 1 Alternative S^^^^s . ' 

: ■ V " . • ' 

Figures 9-1 and 9-2 ^re summaries of the five general approaches currently being considered 
*^or implemented for ca3es where high^ degrees of phosphorus and nitrogen removal are 

required. There lare fbw exceptions to the listing; one exception concerns nitrogen removal 
^ from oxidation pond effluent, but these approaches tend to be very case speqific and 'are 
^ difficult to generalize. * ^ '^'^ 

' 0^ flow^^i^ams m Figures 9-1 and 9-2 are capable of achieving low effiuent leVels of nitrogen 
\knd phosphorus. These levels are taken as averaging 2-3 mg/I of total nitrogen and 0. 1 to 0.3 
mg/1 of total phosphorus. Multipoint chemical addition and fiftration are shpwn to achieve 
low phosptJorus levelfi^in the final effiuent. If lesser degrees of phosphorus removal ar.e 
required, then some of these steps may be eliminated. Also, in eaclijcase,'it.is assumed that 
effluent R^^ is on the order of 10-15 mg/1. If further organic .reduction is 

'^required,Tupplemental treatment is also required. Figures 9-1 and 9-2 also show variations 
^within the five flowsheets where substitute processes are possible. The flowsheets are general 
'*5^rocess arrangements; for example, a block shovmig denitrificatiorf could mean eitl^er an 
^ attached growth process or a suspended growth process with a sedimentation tank. 

System No. 1 iS an integrated chemical-biological system using lime or other metal salt in 
the primary treatment stage to reduce phosphorus and organic loads followed by 
nitrification and denitrification stages ; and filtration. . By moving, lime treatment to the 
primary treatment stage, as opposed to tertiary applications, several advantages are gained. 
First, moving lime treatmqnt to the primary stage causes enough organic reduction in the 
primary tanks to elimiji?fte the need for a separate carbon removal. step. 'Second, lim? dose 
be adjusted to elevate the pH in the nitrification step to the Optimum range for 
nitrification as well as to compensate for any alkalinity depletion due to nitrification.^ 
Lastly, protection for the. nitrifiers against most toxic heavy metals is provided. 

Systems 2A a||4 2B are the independent physical-chemical treatment sequences incorporat- 
ing^ physical-chemical nitrogen removal. A coagulant such as lime,- or a metal salt and 
- polymer, is used in the primary step for oi:ganics and phosphOTus reduction. Activated 
carbon is provided for further organics reduction.' In System 2A, either breakpoint 
chlorination or ion exchange is usual for nitrogen removal: In System 2B, ammonia stripping 
is used for nitrogen removal. Filtration is. placed aheaci of carbon adsorption in both 
^VaHations of System 2; however, it may be placed after carbon adsorption in certain 
mstances. For considerations in arrangement of the adsorption component of physical- « 
chemic4l systems, the, reader is referred to the Process Design Manual for Carbon 
/I fif50/7?//o;2, a pubUcation of the EPA Office of Technology Transfer. 10 

Another approach to integration of biological and physical-chemical treatment'is provided, 
by Systems 3A and 3B. System 3A takes advantage of the favorable effect of alkalinity 
depletion in nitrification on reducing lime dose in th^ chemicaS pre cipitatibn step as lime 
dose is directly affected by aljkalinity.l 1^12 System 3^^ shows a slightly different way of 
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accomplishing the s*ne objective; In this case metal salt is added to treatment units such as 
the carbon oxidation step and the filtration step^ avoiding the need for the separate 
precipitation step of System 3A. . . . 

System 4 uses a combined carbon oxidatidn-nitftfication-denitrification, sequence. The 
organic carbon in the primary effluent serves as the carbon source for the removal of the 
bulk of the nitrogen in the influent wastewater. This effluent is polished v^th a tertiary- 
phosDhorus removal step. Residual nitrates are removed in the wastewater, filter. System 4 
hayl^^r operating costs than System 1 or 3 because ef the elimination of the bulk of the 
methanol costs incurred in the. latter systems. On the other hand, the phosphorus removal, 
step must be placed after the biological treatment step in System 4 for two reasons. First, 
precipitation of phosphorus in the primary step would Reduce the organics in the primary 
effluent to the point where denitrification could not be supported. Second, metal salt 
addition to the biological step would add so many solids as to render unmanageable the 
simultaneous operation of carbon oxidation, nitrification and denitrification. 

System 5 was the first system implemented in the, U.S. and was used at South LakeTahoe 
(in the System 5A configuration). It consists of conventional biological treatment followed 
by tertiary steps- for phosphorus removal and physicaJ-chemical nitrogen removal. System 
5A employs air stripping with polishing by brieakpoint chlorination while SysteniSB uses 
either breakpoint chlorination or ion exchange for nitrogen removal. ^ ^ 

In conjunction with the system descriptions in Figures 9-1 an.^ 9-2 are listed the case 
, examples presented in this chapter which generally fit the system description. In most cases 
the examples do not precisely follow the system description because local requirements have 
dioxated lesser or greater degrees of treatment. However, the c^se examples are close enough 
tD be fitted into system categories. 

9.4.2 Considerations in System Selection ' > ^ ' 

r 

Each of the systems outlined in Section 9.4.1 has its inherent advantages and disadvantages 
that need .to be considered by the treatment plant designer in each individual situation. 
Some of these considerations are described in this section.j^* ■ 



i 



9.4.2.1 Phosphorus Removals Obtainable % ' 

Perhaps because of the long experience accumulated with System 5A (Figure 9-2) afSouth 
Lake Tahoe and the more recent development of alternative-systems, System 5A or 5B were 
thought^to have had a decided advantage in terms of low. phosphorus residual over any of 
the integrated systems (System K 3A and 3B). It has been suggested that the integrated 
sysffem, even with proper coagulant dosage, is limited i:o reduction of effluent phosphorus 
levels to*0.5 n\g/l tot^^hosphorus and that when lower phosphorus levels are required, 
System 5A or 5B should be employed. ^ , 



In actuality, the; degree of phosphorus removal is not primarily affected by the system 
selected but by the pattem of chemical addition, the nature and doses of the chemicals used . 
- and the sophistication of process control Regardless of the system selected, low effluent 
phosphorus levels are made pos3i^|)|^ mii^ phosphorus removal steps; this may be 
achieved by multipoint chemical addition or chemical additipn in conjunction with other 
phosphorus removal methods such a^ tertiary filtration. . * / , 

An example* is provided by the well documented operation/ of the South Lake Tahoe 
plant.^-^ A flowsheet for the plant as it existed yin 1970' is presented in Figure 9-3. 
Multipoint chemical addition was practiced with lime treatment of the secondary effluent 
plus alum treatment at the tertiary filtration step. J*hosphprus renioval resulted at both these; 
'^teps. In. addition, phosphorus uptake occurj-Qd in th6. activated sludge step and possiW^fV 
some removal occurred in the carbon adsorption step.- The lime treatment alone reduces the 
phosphorus level to about 0.6 mg/1 entering<he filtration step.^bout 30 percent phosphorus 
removal occurred in the filter without alum addition. With alum .addition, the effluent 
phosphorus level was reduced to 0.1 mg/l in a special one mofith' test. J^ The phosphorus 
residuals fora one year period averaged 0.17 mg/1 in the plant effluent a^ slK^n in Table 9-4. 
Alum dosage required to boost phosphorus removals by the filters from 30 |b 90 percent was 
only lOmg/1.13 ( ^ ^^^f' 

From the Tahoe example it can be seen that the key to obtaining a low phospRorus residual 
is multiple removal steps. Multiple phosphorus removal steps have been included in all of the 
treatment systems portrayed in Figures 9-1 and 9-2. For instance, the option of metal salt 
addition to tertiary filters is available to all of the systems, not just System 5A or 5B, and ^ 
comparable perjFo^ance can be expected in each* application. System performance is given * 
in T^ble 9-4 fp? all systems except System 4. Favorable examples were chosen'toir each case 
in TaMe 9-4 and otliei cases for each system could be found with higher effluent 
owSqtus values. These, examples are illustrative of what good design, operation, and 
pntrol can produce. ^ -^r ; ' . ^ 

9.4^.2 Impacts on Sludge Handling , 



In Systems 3A, 4, 5 A and 5B, (Figure 9-2);chemical precipitate^:can be kept separate from 
organic sludge§. In Systems 1,.2A, 2B and' 3B, (Figures 9-1 ^0:9^2) chpfirical sludges are 
combined with organic sludges. Separation of sludges allows the plant ^jj^igners more 
options in sludge handling. For instance, chemical sludges can be subjected to coagulant 
recovery operations while' processing of organic sludges can proceed without the hindering 
effects of the inert chemical sludges. 

It has also .been suggested that tertiaiy phosphorus removal (System 5 A or 5B) may have an 
advantage in that lime recovery can bg. practiced. ^ 2 However,* System 1, 2, 3A and 4 all 
possess an advantage in common with 5 A ox 5B ;jiamely, the ability to recover lime if it is 
the chosen coagulant. * ' ^ 
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' -ISCW^^ • SOUTH LAKE TAHOE, CALIFORNIA PLANT (1970) 




\ : ■ TABLE'9-4 • 

EFFLUENT PHOSPHOROUS CONCENTRATION FROM 
\ , . ALTERNATIVE SYSTEMS ^ 



Typ.e and process sequence 



Location 



■Ref; 



Scale a' 
mgd 
(mVsec) 



Period, 
days," 



Average effluent phosphorus, 
' mg/1 ■-, ■ 



Total P 



• Pb4-P, 



Average effluent' 
total suspended 
solids, mg/1 



• System !• .' 
Lime (with r^calcination and 

recycle), nitrification, 
. denitrif ication ^ without"^™ 

filtration • ' ■ i ■• ■ 

System 2A 

. Lime with iron in second, 
f settling tank, filtration, 
; . Ion exchange or break- 
■-, point, filtration 

• System 3B 
Carbon oxidation- • 
nltriflcatlon-denltrlf Icatlpn , 
flltration with alum addition 
to carbon ;pxlflatlon and 

: derfitrlflication 

. System 5 A- ■ . 
Carbon oxidation , jlme , . 
ammonia stripping j 
recafbonatlon,. filtration 
with, alum addition, - carbon 
adsorption . . 



CCCSD, Ca.a 



14 



0.5 to 

■{0.022); 



10^ 



', Blue Plains, 
■D.C., ' 



0.05 
(0.0022) 



4'80 



>Ianassas, 



2 



0.02 
{0.0009) 



.120 



^South Lake 
Tahoe! Ca." 



13 



■2.4 , 
(0.11) 



365^; 



• ■ 0.04' 



0.14 • 



7 



0.3',. ■. 



0.17 



0.01 



na 



na 



3.0 



4.0'- 



^CCCSD = Central pontra.Costa Sanltary District - • 

^August 1 to iO, 1973 ■ . ' 

^1970; representative' year, .the plant has been operational since 1968. ■ 



. 9.4.2.3 Reliability ■ . , .. . ^ , 

Factors affecting the reliability of nitrogen re^moval' processes have already been^described in 
Section 9.2. Most of these same factors affect phosphorus rem9val and will not be repeated 
^ here. • • ' . ^ - . 

The longest record of reliable 'experience in obtaining low pbosphonis residuals is at the 
South Lake Tahpe Plant, ogefiitional since 1968. (Tcible 94).vLow valueshave also been 
obtained . consistently . for long, periods with, phy^igal-cheihical systems (System 2A). In the 
latter .casd, iron has been used in a secpri^stage settler after lime treatment and 
reearboriation, achfeving further.^phosphoms removals, . Less ex'pericnce is available with 
Systqms 1, 3A or 3B, but the irmited testing t6'dat.e Indicates |jpry low phosphorus residuals 
can ie consistently obtained. 

.■ . , ■ . . ■ • ■ ■ ' : - '■ . 

9A2,4 Flexibility of Operation irt Multipurpose Treatment Units : ' 

• . • ^ ■ ' ' . . , ■ ^ ■ ■ ■ ■ ' 

the systems portrayed in Fi^es 9-1 and 9-2 incorporate .varying degrees of integration- of 
process function into the variolis.treatment units. Systems 4, and 5B represent extremes 
in terms of combining functions; in System 5A or 55 the tendency is for individual steps to' 
perform a minimum of purposes while in System 4 many functio|)%arejs^-0jiiplished in 
parallel -in each step. • ' • L" ' " " " ' 

'. ■ .1 ■. ■ ' ' ' 

The argument can be made that the level of integration in a plant can,affect it^.fiexibility of 
operation in terms of adjustajjility of the system to meet vafj^ing loads or in terms of 
providing 'redundancy, for p6ss*le process faijures. The, degree of in tegration possible is best, 
^studied by ex aminatiorhof pilot or full-test results. Tfiere haye-been^full-scalfe tests that have' 
shown that nothing ha| been lost in terms of fiexibllity.or performance with a decree; o'f\ 
process integration:. E;Amples are provided |>yl!fhe Manassas arid CCCSD experienc6- 
(Systems 1 and SB) described in Section 5.2.4. No -lonVterm test-results are. ava,ilable for' 
System 4, whichj^is unfortunate^ <5^ce a high degree of integration of function is provided.fn 
the combined carbon oxidation-nitrificatibn-dejiitrification-step. :^ ' 

* ' 9.4.2.5 Cost' /■ .: ' ' . ' ' \. 

Cost is an essential, factor in process selection: It is ^el^ recognized' tha^ the integrated 
approaches hold a potential of cost savings over-thci'Mlpgical^^^ 

5) 1,1 2,15 7he reality of this cost saving will be determined in individual situations by local; 
factors and must be specifically. eyalHated: in each case b>Lcost-effectiv,e . Analyses of the. - 
alternative systeiJis. ■ rV ' ' . 

■ -J ^ . . t- 

* 9.5 Case Examples - '/"^.^ 

: Fourteen case exariiples of nitrogen control are pr^en ted, each showing how the ^^y^^^ 
nitrogen re m^oval systems described in this' chapter have "beei] applied. These. irrcltide; fcHir • 



examples of iiitrifkation' for, ^^^^ reduction, foyr examples of nitrification^ 

denitrification for iriitrogen.. removal, and two exampjes pach of breakpoint chlorination, ion 
exchange and air stripping for nitrogen removal. ^ 



9.5.1 Case Examples of Nitrification for Ammgnia Reduction . . 

Four examples of how biologieaj nitrification has been implemented are presented in the 
: following discussion. The ^ckson, Michigan plant design 'waS oriented to reducing the 
nitrogenous o;cygen cjetoand (NOD) of the plant effluent in the receiving waters. The designs 
< - of the Valley Cpmmunfty Services District plant aj^ the City of Livermore's plant/were 
: oriented to satisfying /theVery low coliform requirements set by the State of Califoniia. In 
: these cases, ammonia reduction allowed 'efficient disinfection after breakpoint. Chlorination. 
* In tha design of a:nother -Califpmia.^laht, operated by the S'aij^^blo Sanitary District', 

* nitrification was included so that effluent toxicity requirements could be mef. 1 ^ 

Other case examples; of nitrificatic^ were presented previously in Section 4.3.8. These ♦ 
' • included the Whittier Narrows Reclamation Plant in Galifomi^ which is oriented to . 
groundwater recharge arid the Flint, Michigan plant, designed for NOD. removal., 

^ 9.5. l^lJackson, Michigan ' ' ' . ^ - 

Th"^ City of Jackson fs operating a 1? mgd (0.74 m^/sec) activated sludge pFant that is 
designed to niCiif^Vfar-rQund. Nitrification is , provide^ for removal of nitrogen 
" ; . demand so;thatfthe receivirijpWater, the Grand Jliver,"can^ be maintained at dissqlved'Oxygdn 
levels of about 4.0 mg/l.,Smce the implemmtation''Of full nitrification at this plant, this 
requirement has been consistently met in jthq zone of influence of the plant's discharge, 

Xfie City 'of Jackson^ Michig^^y with an equivalent population t)f 60^,000 ha? been served by 
/ aVconventional activated sludge treatiilbent plant since 1936.^ ^1^^curfenf upgrading ^f the 
\ • plant was completed iff 1973 and resulted in the plant depicted i^Pigure 9-4 with the design 
shown in Table 9-5. During this upgradihjg, the following facilities were added: (1) new 
prifriary, effluent pumps, (2) a stormwater retention basin, (3) stormwater pumpsjor filling' 
the retention basin, (4)' additions tpTthfe aeration tanks^ (5)^ additions to the secondaryr 
; ';^v^ :Sedimentatiori tanks, (6) new returri activated skdge pumjps, (^^) three new blowers and ia 

• blower building for secon^aly and (8) a new planf electrical and 
control System. ^2'Tl^is:^ofk wafk bid Deceniber, 1970 and totaled $3,200,000 including , 
legal,- engineering anfl/(^ntingency costs/ Operatipn ^nd maintenaii thejpntire 
plant ' for fiscal y^'ear 1973/1 9'^4 totafed $464,159 for * 5355 million gallorfs^- treated or ' 

_ $88^milgalJ8 :^ " ^ 

^ Seyprai feature?^ have ^been incorpbr^teq into this- pla^ that^ftaVe b'een stressed in this 
manilaL .First, ih$ activated kludge ' system is operated in tlie conventional or plug flow 
i*— marinerfe ga^^ of nitrin€ation.evenj&t'^h6,coldeSt*temperature conditions 

..,(35^ low as ;8 C)- Coarse bubble aer^ttipn is utilized. Another feature of the plant is the 
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DESIGN DATA^'^^^^^:^ ^ ; V • / 

JACKSON, MICHIGAN WASTEW^ER TREATONT ^ ' 



^ Av^agef dry weather flow 
■ Peak-dry wea their flow- (PDWF) 

• PeaK wet weather flow (PWV.l?') 

**". Raw 'wastewater quality at ADWF ' 
BOD-5, .t:;'^ . . ;t 

♦ ; ss- / . ■ • 



17 mgd {0,J^'m^/sedy * . V 
22 mgd (O.J6\m3*/sec). * .//^. ^> 
3a^rng& (1.31 rnVsec).. • 



, .-il' 



rl.45:rTTg/r 



Pnfmary sedimentation tank's 

' ' " ' ' ■ ■ . ■ ■ 
'Number • 

V. Lengljh , ■ " , . •. , 

•V/idth; ■ i ' 

:'Dept]\' . . ■ ■ . . 

. Overflow, rate at ADWF . 

Detention time a.t ADAA^ 

Retention basin ■ . 

Volume : • .9 , * 

"Air. blowers > * > . . 

• Number ^ , ^ . , 
•■ Discharge pressure ' 
Capa.clty - total ' 

Aeration tanks ■ 

Oid tank's ' 

Numb'ier tanks • 
Passes Iper tdnk » 
Width 

Lenglh/'raa^ 
Pepth 
' Volume (4 tanks) 



New tanks 



Number of tanks ■ , 
Passes, per tank^ 4 
Width/pass . 
Length/pass ^ 
. ■ Depth . . , 

5 . 'r yolume- (2 tanks)- 

: ■•• Detention time at ADWF^ 

Final sedlmentatl dm tanks • 

Old tanks. -*• .'• V' • 

./Number . v. 
•t . Diameter : • " ; • 
0 Side water 'depth , " 



' V');60 ft.1(l8 ,3 mj : : * . • 

24, ft (y^.imj ■■ : ■ 

IV ft. (3.4. m) ; ■• . 
1 ,970 gpd/sf m\2imym2/da^j ' y 
1 hr ;, /. ■ • • ^J'. 'y S 'Vrf'; 



h mii 1 (45, 4 3 O m 3 ), - 



6.5 psl^ (6;46.'Jcg(/cm3|r!;: . \. ■ 
33,000.cfm (940.mVniln)-^^-". 



- ■ , ^ ■ ' 4 . ^. 

. .. 25v5.ft (7„fl m) .' 
; -240 ft:(73;2 *m) ^ 
..14-.5 ft (4.4 .tt^)*; 
v-3 55,000:cu ft:(I'0V000..m5.) 




'4- 



" 25 ft .(7. 6 m) ; 

* 15Q ft (45.7*. m)'-- " 

• 14V5 ffc' {4:4 mh\ y' - 
'217;,5O.0[.cii ft (6/159-m?)-. 



"6.0 hr- ' 



•fGAt (2a''.3 mf 
11 {t.(3^4:m)^^ 
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TABLE 9-5 



DESIGN DATA 

JACKSON, MICHIGAN WASTEWATER TREATMENTPLANT 



(CONTINUED) 



New tanks 

Number 
Diameter 
Sidewater depth 

Overiflow rate at ADWF ^ 
at PDWT ^ 
Detention time at ADWF^ 

Chlorinfe contact chamber 

•Number of passes 
Det;ention time at ADWF 

Sludgedigestion 

Number digesters 
Volume 

Sludge drying beds 

Surface area , sf 



80 ft (24.4 m) 
12 ft (3.7 m) 

670 gpd/sf (27.3 m3/m2/day)' 
865 gpd/sf (3 5.2 m^/m^/day) 
3 . 0 hr 

f 



4 

47 min 



297/410 cu ft (8,422 m^) 
328, 0j00 sf (3 0;489 m^) 



Including both old and new tanks 

» m 

FIGURE 94 ' 
JACKSON, MICHIGAN WASTEWATER TREATMENT PLANT FLOW DIAGRAM 
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primary effluent rettjnUon basin. Rather than designing the secondary facilities for the full 
wet weather Hows? fl^ above about 22 mgd are pumped to the retention basin. This flow 
is brought tack by gravity to the secondary facilities when storm flows subside. It is also 
anticipated that the retentioi> basin will serve as flow equalization storage during dry 
weather, once plant flows reach design capacity. This will be done to prevent <immonia* 
bleedthrough during peak flow periods. 

The retention basin is lii^d, but has no provision. f<^r mixing. Actual operation indicates ver-^ 
satisfactory performance without odor development during storage. Except for complj^ely 
draining the basin, cleaning is limited to once pefr year. . j 

Performance of the plant has been exceptionally stable and was previously summarized in 
Section 4.3.8.3. It should be noted, that the plant i^not yet being operated at its delign 
now. . ' , ^ ' 

> 9.5. 1 .2 Valley Community Services District, California 

The Valley, Community Services District (vtsD) Wastewater Treatment Plant at Dublin, 
Cal^omia, is treating an average^^daily i\oi of 3.7 mgd (0.16 m^/sec) from a larj|ely 
residential service area. The nripin;il nlant /-nncJctmo nf ri,., w,oof^ * . l-. 



screening, ^rit 
sedimentati|on,' 



residential service area. The original plant, consisting of raw wastewater 
removal, primary sedimentation, activated sludge aeration, ^secondary ..^..M.w.uwyM, 
digestion and slu^dge lagooning, was construe ed in 1960 for approximately $ 1 .5 mihioni In 
1972, an additional prirjiary sedimentation tarik and appurtenances, an additional secondary 
clarifier, a digester, dual media -niters, and dhlorjnation and dechlorination facilities were' 
constructed for about $3 million. These facilities raised the average dry weather flow 
capacity of the plant to 4 mg(;i (0.17 m^/sec) The design data for the planJ are shown in 
Table. 9-6.19 .1 

Waste discharge requirements mandate effluenfl filtration, as the State of Califbmia requires 
that any effluent that may be used for water cohtaci sports Tnust be coagulated and filtered. 
Requirements also dictated that^tfie median' coliform content must not exceed an MPN of 
2.2 per 100 ml. This plant incorporates nitrification for ammonia reduction solthat residual 
ammonia can be economically breakpointed. Thjis allows^disinfection to proceed with a free 
chlorine residual so that the stringent bacteriological requirements may be met. 

A How diagram of the existing facilities (Fig. 9-5) shows a hoWing basin which isS^outincly 
used for flow equalization after primary treatment. Figure y^6 is a photo of theTiolding 
basin. The holding basin is asphalt-lined and is equipped with a sprinkler system for washing 
out accumulated solids when the basin is drainedJ The sprinkler syst^wasadSed by plant 
staff and was found to be very effective for odoV control The basin is einptied daily. A 
peak-to-average flow ratio of 3.4:1 is equalized L the holding basin to maintain stable 
biological treatment conditions. It was found^priorlto the 1972 additions to the plant that 
operation . without. How equalization resulted in lammonia bleedthrough and eventual 
complete loss of nitrifying capability. The aeratjon tank is generally operated with the first 
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' TABLE 9-6 



VCSD WASTEWATER TREATMENT PLANT DESIGN DATA ^ 



Population 

Average dry weather flow (ADWF) 
Peak dry weather flow (PDWF) 
Peak wet weather flow (PWWF) 
Raw wastewater quality at ADWF 
BOD5 

Suspended solids 
Primary treathent 

Preaeratlon^and grit removal tanks' 
Number . 

Detention time at ADWF . ^ 
Primary sedimentation tanks 

New tanks ' 

Number 

Length 

Width 
Old tanks 

Number 

Length 

Width 
Average water depth 
Detention time at ADWF^ 
Overflow ra*e a^ ADWF . ^ 
Assumed removals' 
BOD5 

Suspended solids. 
Activated sludge 
Aeration tank's 

Nijjmber • ■ 
Passes per tank 
Width each pass ' , 
Length each pa'sa* " 
Average water depth -"^ 
Detention time, based on ADWF 
BOD5 loading . . ' 
Aeration blowers 
^ Number- . * ' / 

Capacity per blovyex 
Discharge pressure ' 
Secondary sedimentation t^nk ' 
Old tarjks 
Number 
^ Diameter 

■ Sidewater depth j*:^- 
' . New tanks 

Number' • • . ~ 
Diameter . • • 
Sidewater depth 
•Detention time, based on ADWF^ ' 
Overflow rate at ADWF^ 
Dual media filters, 
^lumb^r « 
Area each filter 
Filtration rate at PWWF 
Anthracite media 
Depth 

Effective size ' 



48,000 
4 mgd (0.17 m^/sec) 
8 mgd (0.33 m^/sec) 
12 mgd (0.50 m3/sec) 

330 mg/l 
330 mg/l 



2 

24 min 



100 ft (30.5 m) 
19 ft (5.8 m) 

1 

no ft (33.5 m) 
19 ft (5.8 m) 
9 ft (2.74 m) 
1 . 7 hr 

960 gpd/sf (38.9 mVmVday)'' 

40 percent 
70 percent 



1 

2 

30 ft (9.2 m) 
210 ft (64.6 m) 
15 It (4.6 m) 
8.5 hrs 
35 lb/1000 cf/day 



2,900 cfm(82 m^/minV 
7.5 psig (0.53 kgf/cm^) 



65 ft (19.8 m) 
9 ft (^..7 m) ■ 

1 ■ .. 

90 ft (27.4 m) " 
lA ft (4.3 m): : ' 
5.3 hrs ■ 
4L0 gpd/sf (16.6 nfi/m^May) 



728 sf (67.66 m2) /' 
3.8 gpm/sf (1.36 l/m2/sec)- 

36 inches (0.91 m) 
2 .4 - 4.8 mm ' 



VCSD 



TABLE 9^6 



■ Sdnd media 
Depth • 
Effective size 
Pea gravel size 

Depth ' 
Backwa sh water rate (max.) 
Chlorine contact tanks 
Number * 
Volume. 

Detention time © ADWF 
Sludge digestion * 
Digester loading 

Primary solids 

Biological solids 

Total solids 
Digesters 

Number. 

Diameter 

Sidewater depth 

Total volume 
Sludge disposal • % 

Sludge lagoons ^ 

Number 
* Volume 



Includfnu both, old and nev; tanks 



TREATMENT PLANT DESIGN DATA / 
(CONTINUfeD) 



18 .inches (0.4^ m) 
0.8 - 1.0 mm 

8 inches (203 mm) 
20 opm/sf (13.6 1/mVsec) 



22,500 cu ft (637 m ) 
1 . 0 hr 



7,700 lb/day . (3, 500 kg/day) 
3 , 800 ib/day (1 , 730 kg/day) 
11, 500 lb/day (5,230 kg/day) 



55 ft (16.8 m) 
33 ft (10.1 m) 
157,000 cu ft (4,500 m ) 



/ 350, 000 cu ft ^(9, 920 m } 



half of the first pass being used for reaeration of- the return sludge, and with the primary 
effluent being step fed in increments to the remainder of the first pass. Fine bubble aeration 
IS employed. . ^ 

The VGSD plants has consistently nitrified the influent ammonia as shown by the 
performance data in Table 9-7.20 j^e nitrogen figures dre from once monthly 24-hour 
composite samples, while the BOD and suspended solids data is the average of daily 
composite samples. For the first ten. months of 1974, the VCSD wastewater treatment plant 
^averaged 98.6 percent BOD removal and 99.3 suspended solids removal. The ammonia 
nitrogen concentration in tjie effluent was typically less than 1 mg/1 and has been at this 
level since August, 1973, apart from a notable process upset caused by an industrial spill in 
Marclji, 1974. The nitrate-nitrogen concentration in the effluent has generally been around 
24 nig/1 and this is about 99 percent of the nitrogen iK the effluent. For several months 
before August, 1973, the aeration capability was limited to two on-line blowers which vvere 
not enough to sustain complete nitrification. The data given in Table 9-8 shows the change 
in process performance after mechanical difficulties were overcome and a third blower was 
started up. 21 Before the aeration capacity was increased, the average ammonia nitrogen 
concentration in the effluent composite samples was 3.^g/l with the nitrate nitrogen level 
averaging 13.9 mg/1. A dissolved oxygen level of 2 to 4 mg/1 is now maintained in the last 
portion of the aeration tank, whereas before "August, 1973, the level was often^less than 2 
mg/l. ' > V 



9-18 



38? 



FIGURE 9-5 



VALLEY COMMUNITY SERVICfeS DISTRICT (CALIF.) 
WASTEWATEll TREATMENT PLANT FJLOW DIAGRAM 
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; NITRinCAm|ERFOiANCEATtALLEYCOMMUNITYSERVICESra^^^ , "l 
•• 'WASWATEIl TREAIENT PLANT, CALIlt)™^'' 




Sludge 
volume 
Index 



lis, 

115 



126, 



73 

n 



Solids 



day/ 

4 

11.9 



15,2 




9,6 



10,9' 



9-.3 



BODj,,,mgA 



na 
231, 
' 167 



M7 
142 



116 
164 
183 



Secondsry 
effluent 



na 

21.0 

M.7 

>' • 

16.0 



6.5 



7.7 



Final 
effluent 



2.5 

'5.6 
3.7 , 
3.8 
5.6 ■■ 

f3,0 ' 



2,5 



• 2.0', 



.6.> 



Percent 
removal 



na 



98,5' 



96,0 



93.4 

I ■ 
99 -.I" 



Sijspended solids/ 



P|taary 
ef fluent 



) 91 



87 

n ■ 



;99 



93 

Iff 



Secondary 
effluent 



19,2 

, / 

9,6 
B.2 



10.3 
9,4 
12,2 
15.7 
'l0.6 



, Final 
effluent 



^.5 

r 

1.3 



2.5 



1.4- 
1.3 



Percent 
removal 



99,0 
,99.5 

I 

;99.3/ 
99. r 

'98,7' 
99.4' 

f 

99,0 
99,4 
99.6 
99,7 



Nltrooan, , liigA 



Efflueilt 



b 



Results of one 24-hour composlfe sample per month, | 
na ' not available. ■ 



0,23! 

I, 



0,17 



Effluent 

'no'-n 



0.84. 



0,)2 



0.11 , 



17.0 
21,9 

6,3^, 

i ' 
24.4 

25.6^ 

24.9 

23.1 ' 
* > 

,21.9 
28.9 ' 

';i.9 ' 




FIGURE 9-6 



HOLDING BASIN AT THE VALLEY COMMUNITY SERVICES 
DISTRICT (CALIFORNIA) WASTEWATER TREATMENT PLANT 




TABLE 9-8 

NITROGEN ANALYSES ON 24 HOUR COMPOSITE EFFLUENT SAMPLES AT 
THE VALLEY COMMUNITY SERVICES DISTRICT TREATMENT PLANT 



^ Date 
sampled, 
1973 



June " 

' July^ 

.August 
September'^ 
October^ 
November^ 
December'^ 



Nitrate nitrogen 
ajs N, mg/1 




Ammonia nitr6gen 
as N, mg/1 



6.3 

'2.0 

4.7 

0.39. 
<0.06' 

0.30 
<0.06 



Two blowers oji-line* 
'/ Three blov^^,^#s on-line , 
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The VCSD staff feels that this tyjie of nitrification system is particularly subject to upset 
due to toxicants in the primary effluent. One recurring loss of nitrifying ability was 
uit'imateiy trficed to the periodic discharge oY a solvent trichlorethylene.22 Once the 
industrial discharger was located and the spills ceased, the problem disappeared. 

. . . . ' 

Operation and maintenance costs have averaged $350 per/nillion gallons .since the 1972 
additions. ' 



9.5.1.3 LivermOre, California • • . 

Since 1967, the City of Livermore has operated the 5 mgd (0.22 m3/sec) Water Reclamation 
Plant whose flow diagram is shown in Figure 9-7. Before 1967, the original plant included 
primary treatment, trickling filters,- secondary sedimentation, poHshing treatment with 
oxidation ponds and sludge digestion. During the 1967 enlargement, existing structures were 
rearranged in. the flowsheet and additional facilities were added.23 After»the enlargement! 
the plan t_ consisted of preliminary treatment and primary sedimentation, roughing filters, 
activated' sludge .for nitrification, and*chlorination. The existing oxidation ponds were 
corvverted to. emergency holding basins. 'Sludge disposal is by digestion with digested.sludge 
being applied to sludge lagoons. Drying beds are used intermittently. 

The plant layout was oriented to meeting discharge requirements mandating an effluent that 
contained no more than- 50 mg/1 of BOD5, 20 mg/l of SS, and a. five-day-median total 
Ci>Mform of 5 MPN'per 100 ml. The low bacteriological requirements dictated tl^at the plant 

■ • ' FIGURE 9-7 ' ' . 




CITY OF LIVERMORE WATER RECLAMATION PLANT (CALIF.) FLOW DIAGRAM 
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be designed to dependably nitrify on a yearrround basis. A free chlorine residjiifjl was 
thought to be required for disinfecting to such low levels and that the ammonia level must 
be, minimized in the secondary effluent so'that disinfection througli breakpoint chlorination 
could be economically practiced^ * ^ 

The trickling filters were retained^ in the plant layout to act as pretreatment for the 
nitrification step, to reduce organic loads and to moderate any shock loads that might upset 
nitrification. The sloughed solids from the roughing fjLtgr pass directly to the aerati9iL tanks 
without any intermediate clarification. - - 

Plant design data are shown in Table 9-9 and operating data for the year 1971 in Table 
9-10.23,24 jj^g plant has consistently met effluent requirements and demonstrated stable 
year-round operation. Wastewater temperatures are favorable for nitrification^ with a range 
of 15 to 24 C. Even when ammonia breakthrough has occurred in the secondary effluent, it- 
has been effectively .reduced by breakpoint chlorination. Recently, the plant has not had 
,Sufficient aeration capability to completely nitrify durm^; peak nitrogen loan conditions, but 
this conditioh is being rectified in plant modifications currently underway. Coarse bubble 
aeration is used^in the plant. A'photograph o^heaeration tank is shown in Figure 9-8. The 
activated sludge exhibits very good settling properties with sludge volume, index (SVI) 
"measurements consistently below 100 ml/g. ' . 

On the few occasions when plant upsets occur, making it likelyfthat bacteriological 
requirements will not be met, the effiuent is directed to the emergency^holding basins. Thg 
chlorine contact tank has also served as a supplementary^ settling tank and yielded further 
reduction^ of BOD5 and SS. The chlorine contact tank must be occasionally drained to 
remove accumulated solids. ' 

Twenty to twenty-five percent of the effiuent is used for irrigation purposes at a nearby golf 
course and on agricultural land. Effluent is also used at the golf course to fill several small 
lakes. , ^ 

The initial plant had a constmction cost of $900,000 (19^7 dollars), which included land 
purchase, while the cost of the 1967 plant expansion was $1,300,000 (1968 dollars). 
Operational expenditures for 1971 were approximately $275,000 which, when expressed on 
a unit basjs, is $224 per million gallons treated, 

— - 9.5.1,4 San Pablo Sanitaiy District, California . ' 

The San Pablo Sanitary District, Calif6mia, operates a 12.5 mgd (0,55 m^/se^ wastewater 
treatment plant designed for year-round complete nitrification. The original plant Consisted 
of a primary treatment plant with effluent chlorination and digestion for solids processing. 
Additions completed in 1972 resulted in the plant flow diagram shown in Figure 9-9 and 
included additional treatment faciliries, a new rougliirjg trickling filter, new aeration- 
nitrification tanks, new secondary clarifiers, an additional chlorine contact tank," new 
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TABLE 9-9 

DESIGN DATA - LIVERMORE WATER RECLAMATION PLANT 



Population 

Average dry weather f&w (ADWr) 
Peak dry weather floy{PDWF) 
Peak wet wea'ther flc5w (PWWF) 
Raw wastewater loadings 

BOD5 } 
Suspended solids 
. Primary treatment 

Preaeration and grit removal tanks 
Number ' 
Detention time at ADWF 
Primary sedimentation tanks 
Number 
Length 

Width , . 

Average water depth 
Detention time at ADWF 
Overflow rate at ADWF 
Emergency holding basin 

"Volume ' » . 

Roughing filters ' 
Number 
"Diameter 
Depth of media . ' '\ ' 

Total volume of media 
Media type 
Media size- 

Recirculation ratio at ADW? ' ' 
BOp5 load - 
Air blowqrs ^ 
Number 

Di'scharge pressure 
Capacity - ^otal 
Aeration-nitrification tank 
Number 

Passes per tank 

Length/pass ^ 

Width/pass 

Depth 

Detention time at ADWF 

BOD5 load ^ 
Secondary sedimentation tank 

Number 

Diameter ' 

Sidewater depth 

Overflow rate at ADWF 
Chlorine contact tank (Breakpoint chlorination) 

Number 

Passes per tank 
Detention time at ADWF 
Anaerobic digestion 
fjumber 
Volume 

Loadi-ng, total solids 
Volatile matter, percent ' ' 

Sludge riisposal 

Digested sludge lagoons 
Number 
Total volume 
. Sludge drying beds \ . 
Number ' 
Total area 



, ' 62,500 
^ 5 mgd (0.22 m3/sec) 
10 mgd (0.4.4 mVsec) 
18 mgd (0.79 m3/sec) 

12,500 lb/day (5,670 kg/day) 
12,500 lb/day (5,670 kg/day) 



2 

36 min' 



124 ft (37.8 m) 
19 ft (5.ft^) . 
• 9- ft (2.7 m) 
1,5'hr 

1 ,050 gpd/sf (42,8 m3/mVciay) 
31 mil gal (117,000 m3) 



110 ft (33.5 m) . ' ■ 

- 4.25 ft (1.3 m) 
80,152 cf (2,270 m3) 

Rock . ^ V 
. , 2 to 4lh, .. 
- ' 3 . 0 'to 1 . 0 

100 lb BOD5/1,000 cf/day (1,62 kg/m^/day) 

3 ' ; 
7.5 psi (0,53 kgf/cm^) 
. ^ 6,000 cfm (170 m3"/min) 

1 ' 

■ 160 ft m.Qyidf 
30 ft (9, '2-113) 
15 ft (4.6 m) • 
. , 5,2.hr ■ ' 
2a lb BOD^1,000 cf/day (0 , 45- kg/m3/day) 

■1 * • 
90 ft (27.4 m) 
' ■ 12 ft (3,7 m) 
7S7 gpd/sf (31 .-^2 m3/m^/day) 

1 

2 

1 hr ■ 



27,500 cf (779 m3) 
1 1 ,800 lb/day (5,350 kg/day) 
75 



320,000 cf (9,060 m3) 



22,400 sf (2 ,080 m2) 



dissolved^ air flotation thickeners, afid two new digesters. This flowsheefis very similar" to 
that used' at the Livermore -plant, described in Section 9.5.1.3, except that plastic medk 
used in -the roughing iilter in'Vlace of rock piedia. Design' data for the plant are shown 
Table 9-1 1.25^^ . ^ • " ■ . 



IS. 

in 



FIGURE 9-8 



AERATION TANK AT THE LIVERMORE WATER RECLAMATION ^LANT 
(GAI^IFORNIA) WITH ROUGHING TRICKLING FILTERS IN BACKGlSuND 
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dissolved air flotation thici 
that used'' at the Livermore 
used in -the roughing iiltef 
Table 9:1 1.25;;^ V ' 



AERATION TANK A 
(CALIFORNIA) WITH 



C TABLE 9-10 



/ V, NITRIFICATION PERFORMANCE AT 

THE LIVEMORE WATER RECLAMATION PLANT 



MOOU 
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ill I r (ui) 
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— 1 

I 




mK/i 
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'"ft' * 


" n' ' 
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m((/l 


mg/l 
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mn/l 
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rik/I 


NIlJ-N, 
m([/l 
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MPN per 
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Current discharge requirements are essentially, those defined by EPA for muni.cipa! 
secondary treatment plants with additional requirements set on effluent toxicity.26 jn 
addition, the effluent pH is restricted to the range of 6.5 tp 8.5. The acid production from 
nitrification and subsequent chlorination normally forces the effluent pH below 6.5. This 
^has necessitated the addition of caustic to .the final effluent to raise the pH to or above 6.5. 
Toxicity requirements state that fish bioassays must be run on the undiluted effluent and 
that 9'0 percent of a series of lO'consecutive tests must show 70 percent Tish survival for 
96 hr. Experience. at this plant has indicated that the requirements cannot be met without 
removal of ammonia through nitrification. 26 

A primary design consideration in laying out the plant for nitrification was the presence of a 
significant 'volume fraction (11 to 13 percent) of potentially toxic industrial wastes in the 
influent wastewater. Tank truck washing residues and the waste from a manufacturer of 
organic peroxide and phenol formaldehyde are the major industrial waste sources. The 
roughing filter is usedMn the treatment plant to protect the nitrifying organisms from 
influent wastewater toxicity. Toxic dumps have caused severe sloughing and loss of growth 
on the' media in the roughing filter, but nitrification remained unaffected. 
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TABLE 9-1 1 



•DESIGNmiA^^ DISTRiJpT TREATMENT PLANT 



-Average dry weather flow (ADWF) 

Peak wet weather flow (PWWF) 

Raw wastewater quality 
» BOD5 
SS 

Primary sedimentation tanks 

New (Dry and wet weather use) 
Number 
Diameter 
Sldewater depth 
Detention tlnie (ADWF) 
Overflow rate (ADWF) 

Existing (Wet weather use only) 
' Number 
Diameter 
♦ Sldewater depth 

Roughing filter 
Number 
Diameter 
Media type 
Depth of media 
Volume of media 
Media specific surface 
Recirculation ratio 
BOD5 load ,y 

Air blower's 

Number 

Discharge pressure 
Capacity - total 

Aeration -nitrification tanks 
Number 
Passes/tank 
' Length/pass 
Width/pass 
Depth 

Volume (total) 
Detention Ume (ADWF) 

Secondary sedimentation tanks 
Number , 
Length 
Width 
Depth 

Overflow rate at ADWF 
-at PDWF 
Detention time at ADWF 
Chlorine contact chambers 
NuTnber 
•Passerf/tank 
Length/pass 
Width/pass . ' , 

Depth 

Detention ADWF 
Caustic addition (Na(OH)) 
Dose 

Waste activated sludge thlckerUng 

Number 

Diameter 

Sldewater depth 

Solids loading 
Anaerobic Digestion 

Number 

Volume'- total 
Sludge drying bed 

Surface area 



12,5 mgd (0. 55mVsec) . 
30. mgd (l.B2m37sec) « 

340 mg/1 \ - 
300 mg/l \ 



70 ft (21.3m) \ 
10 ft (3.1m) \ 
2 hr \ 
1624 gpd/sf(66/m3/m2/day) 



100 ft (30.5m) 
10 ft (3.1m) 



52 ft (15.6 m) 
/Plastic corrugated sheet modules 
18 ft (5.5 m) 
38,200 cf (1080 m^) . 
29 sf/cu ft (95 mVm^) 

2 . 4 to 1 . 0 

350 lb/1000 cf/day (5.6 kg/m3/day) 

4 ' , 

6.5 pslg (O.46 kgf/'cm2) Q 
24,000 cfm (629 m3/n,ih) V 

2 ' . . , 

1 

252 ft f76.9m)^^ 
' 50 ft (15.2m) 
15 ft (4.6m) 

378,000 cu ■ft(10,700m3) , 
5 .4 hr 



180 ft (54.9m) 
60 ft (18.2m) 
8 ft (2 .'4m) 

580 gpd/sf(23.6m3/n,2/ day) 
1390 gpd/sf(56..6 m3/m2/day) 
2.5 hr 

2 

110 ft (33.5m), 
15 ft (4.6m) 
9 ft (2.7m) 
0.85 hp 

20 mg/1 



35 ft (10.7m) 
8ft*(2.4m) 

48 1bd8/s£/daV (235 kg/mVday) 



367,000 cu ft (10,400m'3) 
158,000 sf (14,700m2) 
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Consistent year-round nitrification is obtained in this plant as is shown in Table 9-12. While 
only once-monthly analyses of nitrogen ar^shown in Table 9-12, the consistency of 

• nitrification in the plant is confirmed by daily ammonia nitrogen analys^ of grab samples 
which nom^ally show less than 0.2 mg/1 ammonia nitrogen. Wastewater temperatures are 
favorable for nitrification, typically ^dropping to'^ only 17 C, the average monthly 

. temperature in January. ' 

^ . ' • 

^ The treatment plant is curreiftly operating at only one-half of its design capacity. To test the 

nitrification portion of the system at close to its design condition, one of the two aeration 

tanks was taken out of service during May, June and July of 1974. Both secondary 
. sedimentation' tanks remained in service during this period. Operating conditions and plant 

performance for this period are summarized in Tables 9-13 and 9-14 respectively.27 F^ll 

nitrification was maintained throughout this special test period. 



^texamination of Table 9-14 provides some insight into the operation of the roughing filter. 
Total BOD5 and total COD remained relatively unaffected 
Evidence of treatment, however, is provided by the solublfe BOD and soluble COD tests and 
the total suspended solids (TSS) determinations. A reduction in soluble BOD5 and soluble 
COD occurred coincidentally. with an increase in TSS. This indicates organic removal with 



roughing filter coiiverts influent 
organic matter to biological organisms. Sub^quent treatment in the aeration-nitrification . 



associated growth of biomass. In this plant's operation, the 
organic matter to biological organisms. Sub^^ 
tank provides further oxidation and nitrification 



Construction cost of the added facilities totaled $4,900,000, including legal, engineering and 
contract administration. The contract was awarded in October 1970 and construction- 
es^e^ally completed by October, 1972. Treatment plant operating costs totaled $397,500 
for"^ fiscal year 1973/1974, during which time a total of 2,600 million gallons (9.8 million 
m-') were processed thtough the secondary treatment facilities. On a unit basis, treatment 
plant O & M costs total$*153/mil gal for fiscal year 1973/197^.26 

9.5.2 Case Examples of Nitrification-Denitrificatibn for Nitrogen Removal 

Four examples of the incorporation of biological nitrification-denitrification in treatment 
plants for nitrogen removal are presented in this section. The Central Contra Costa Sanitary 
District's plant design js oriented towards reuse of the reclaimed water by iTearby^industries 
as well as meeting discharge requirements. The designs of the Canberra; Australia, 
Washington, D.C., and El Lag6, Texas plants are laid out so that nitrogen and phosphorus 
are removed to protect the receivmg waters. v;- 

/ 9.5 .2. 1 Central Contra Costa Sanitary District, California 

The Central Contra Costa Sanitary District (CCCSD) has under construction a new 30 mgd 
(1 .3 1 m^/sec) Water Reclamation Plant near Concord, California. Due to go on-line in 1976, 
the plant is designed to produce water for sale to tht Contra (Costa County Water District 
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TABLE 9-12 

^, NITRIFICATION PERFORMANCE AT THE- 
SAN PABLO SAfllTARY DISTRICT TREATMENT PLANT 



Month 


Year 


Flow, 
mgd 

(m^/sec) 


Return 
sludge 
ratio' 

■ ' 


Temp,^ 

C ' 


[% vol- 
atile) 


SVI, 
ml/ 
gram 


6c, 
days 


HT, 
hr 


Air , . 

use, 
CF/day 
(1/sec) 


Roughing filter effluent 








' Secondary effluent 






ma /I 


rna/l 




m ■ 


/Sg/i 


mg/l 


urganic-ir, 
mg/l 


mg/l 


N03-n3 

mg/l 


N02-NC 

' mg/l 


7 


1973 


6.3 


0,30 ., 


22.2 


1403 


73 


^12.3 


10,8 


naa . 


121 


279 


8 2 


16 


78 


8 . 






18.6 


0,05 






(0.28) 






(79) 


























3 


1973 


5.6 ■ 


0.34 


23. 6t 


1497 


68- 


13.9 


12,1 


n4 


125 


.306 




, 4 


56. 


7 






19.8 


0.02' 






(0.25) ' 






(80) 


























9 


1973 


5.7' 


0.25' 


24.4 


1758 


48 


15.4 


11,9 


20,0 


134 ' 


283 


67., 


6 


55 


a 


•3 1 


<:(] ? 


18.2 


0.02 






(0.2S)' 






(76)' 


- 


























10 


1973 


5.9' 


0,31 


23.2' 


1765 


66 


11.8 


11.5 


19,4 


131 


281 


' 95 


' 6 


£2 


-6 


1 4 


<:() ? 


20.4, 


0,02 






(0.26) 






(/•6) 


















■ ' 














1973 


9.7 , 


0.24 


20.3' 


■1609 


. 73 


9.1 


,■7,0 


19.4 


88 


212 




7 


54 


3 


Ji'i 


t\ 7 


24.8 


' 0,26 






J0.43) 




, , , 
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0 12 
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8.4 . 


0,.29 


18,5 


1545 


85 


12.1 


8,1 


20.0 
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\\\ 


73' 
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59' 
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4.8 ' 


0.1 
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0,05, 






(0.37) 
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0 22 
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1481 
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7 4 




lis 
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J,6 
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<0,2'/ 


17.0 


0.22 






10.40) 
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2 


1974 


6,6 * 


0,29 


17,8. 


1415 


96 


¥ 


10.3 


na 


92' 


240 


79 


4 , 


53 


4 


2.2 


<0.2 


15.B ■; 


0.02 






(0.29) i 
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3 


1974 


8.3 


0.19 


18,2 


1522 


101 


7.5 


8,2 


18.3 


107 


■314 , 


135 


4 


61 


6- 


2,8 ^ 


<0,2 


11.8 


0.09 






(0.36)". 






(74) 












r 
















4 


1974 


7.4' ,, 


0.23 


,19.0 


1581 


69 


6.8 


9.2 


na 


111 


247 


95 > 




54 


7 


4.8 


<0.2 


11.2 


0.10 






(0.321 ' 






(70) 




























5 


1974 


6.2 

(0.27) 


0.<l4: 


22.o'- 


e ' 


62 


e 


J 


na 


140 


332 


130 ^. 


i; 


50 ■ 


'.4 


5.1 


<0,2 


18.7 


0,06 ■ 


V, 6 


.1974' 


6.2 ■ 


0.44 


22.0 


2833 


77 


'6.0 


5,5 


15.3 ■■ 


123 


327 


118 ^ 






4 


3.6 


0,3 


19.0- 


0,05 






(0.27) 


■ f 




(78)' 
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i- 



















na 3 not available 

grab sample at pealc flow each week day 



b 



N composite sample, once per week 
d 



composite sample, once, per month 
on May 7, one aeration tank taken out of service 



1 



. TABLE 9-13 * * 

AVERAGE PROCESS LOADING CONDITIONS AT THE SAN PABLO SANITARY 
DISTRICT TREATMENT PLANT DURING SPEQAL TEST, 
MAY 19TH TO JULY 8TH, 1974 



Flow., mgd (m^/sec) 

temperature C ^ . 

Roughing filter . S . 

BOD loading, 

lb BOD5/I , OOb cf/day'Ocg/m Vday) 

Hydraulic loading ' 

gpm/sf (m3/m2/min) . . - 

( ^ ■ 

Aeration-nitrification tanks ^ ' 

MLSS., mg/1 \ 

Percent volatile 

SVI , ml/gram 

Average detention time, hr 
BOD 'load ^ 

lb BOD5/1 ,000 cf/day (kg/m3/day) . 

lb B0D5/lb MtVSS/day (kg/kg/day) 
Solids retention time, days 

Secondary sedimentation tanks 

Average overflow rate, gpd/sf (m3/ m^/day) 
Average return ratio ' ' 

Average ^solids load, Ib/sf/day (kg/m^/ciay) 
Return activated sludge , mg/l' 



6.30(0.28) 
23.0 



199 (3.19) ' 
2.1 (0,086)- 

3070 
78.2 
80,2 
5,4 

35.8 (0.57) 
0.24 (iD,24) 
6.6 

292 (11.89) 
0.48 

11.0 (53.7) 
6835 • 



TABLE 9-14 ^ 

PERFORJVTANCE summary for the SAN PABLO SANITARY DISTRICT 
TREATMENXPLANT DURING SPECIAL TESTING, MAY 19TH TO JULY 8TH, 1974 





Raw. 


Primary 


"Roughing 


Secondary 


Characteristic 


waste- 
a 

water 


effluent 


filter 
effluent a 


effluent a 


Total BOD5, mg/1 


220 


145 


129 ' . 


3.3 


Soluble BOD5, mg/1 


nat> 


97.5 


52.8 


/Ha f~ 
' 47.5 ; ■ • 


Total COD, mg/l ^ 


na 


, 322 ' 


334 


Soluble COD,, mg/'l 


na 


191 • V 


137 - 


40'. 7 


TSS, mg/l* ^ ' 


191 


86.8 ^ 


1^21 


4. -9 


Ammonla«.-N , * 


na 


na 


19.8 


<0.2 , 


Nitrate-N 


na 


na 


na 


19.0 


^itrite--N 


na 


na 


na 


0'.04C 



Composite sample each weekday , /except as indicated 
^na = not available. ^ 
"Grab sample al^ipeak flow 
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which will resell the v^yater to . five large/ industries for cooling and process wateri The 
reclamation contract calls for piroduction pf a water containing less than 10 mg/l of BOD5, 
1 mg/1 total phosphorus and"5 mg/1 total nitrogen. ' 

The liquid processing flowsheet for the CCCSD Water Reclamation Plant is shown in Figure 
9-10 and design data are in Table 9-1S.29 Primary treatment follows lime addition and 
preaeration and is followe^ with a separate stage nitrification step, tjie use of lime in the 
primary treatjnent stage removes' the] bulk of the organic carbon before nitrification,' 
resulting in a very stable oxidation of ammonia to nitrate. Addition of lime also enhances 
the removal of organic nitrogen, phosphorus, heayy metals and viruses. Biological 
denitrification follows nitrification, converting nitrate to nitrogen gas. Multimedia filtration 
will also be provided prior to distribution of .reclaimed water to industry. Not shown in 
Figure 9-10 is -a 140 million gallon (530,000 m-^) storage basin that can be used to store 
primary effluent to reduce peak wet weather loads on the' nitrification and denitrification 
units. Also, the filtration faciiity has^ been provided with a 5 million gallon (18,900 m-^) 
storage basin for equalizing filter influent and a 30 million gallon (1 1.4>000 m-^) clear well 
for^storage^f filtered water before pumping it into the distribution system. 

• ■ • . ^ ' '* 

There 4s no intervening recarbonation stage between the primary clarification and 
nitrification stafges. External carbon dioxide (CO2) is atlded directly to the first pass of the 
aeration-nitrification tanks as needed., External requirements are minimal as the chief source 
of CO2 is not the external source, but the CQ2 generated in the process. Carbon dioxide i^ 
derived from the oxidation of both organic c&rbon and ammonia. The in-process CO2 
generation capability is an example of lime clarification-nitrification compatibility. The 
nitrification pH is also kept" in the 7.0 to 8.5 range, whicli is optimal for nitrification. 

'Based upon tests'* by the City of Milwaukee in the l>960*s-^0'-^^. and testing perforijied^at the 
South Eastern PuriHcation Plant in^Me-lboume, Australia,-^^ the decision was made to use 
flat porous plates arranged uniformly over the bottom of the aeration-nitrification tanks. 
This method of fine bubble aeration gives an oxygen transfer efficiency of between 14 and 
20 percent under standard conditions. The porous plates a^e 14 in. (36 cm) in diameter by 
'VA in. (3.2 cm) thick and are secured in polypropylene holders as shown in Figure 9-1 1. 
Thirty plates are arranged in a single precast panel; there are 40 panels per pass. Each panel 
has an inverted channel shape and is grouted to the tank. By using an inverted channel 
shape, the clj^j^^el forms an air duct with the bottom slab of the aeration-nitrificatiori tanks. 
Each channel has a manuaPdrain so that each pass may be drained during start-up and 
shutdown operations. Four panels are fed by each do\yncomer pipe, thereby allowing 
throttling of the downcomer pipes and a tapered aeration operation. Air for the nitrification 
tanks, channel agration, and preaeration is provided by two 60,000 scfm (1,698 m^/min) 
steam turbine driven -single-stage centrifugal blowers and is filtered in large compartment- 
type bag filters, to achieve a particulate concentration of less than 0.09 mg/1, 000 cu ft 
(0.32 mg/1 00 m^) of air. 
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FIGURE 9-10 
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RECLAIMED WATER 
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TABLE 9-15 



CENTRAL CONTRA COSTA SANITARY DISTRICT 
WATER RECLAMATION PLANT - DESIGN DATA 



Population ^ 

Average dry weathej- flow (ADWF) 
Peak -dry* weather flow (PDWF) 
Pea^ wet weather flow (PWWF) 
• Raw wastewater quality at ADWF 

BOD5 
' • SS 
TKN 

Total phosphorus as P 
Primary solids separation 
Chemical addition 
Lime dose as CaO 
Ferric chloride dose as FeCl-, 
. . PH ■ . . ^ . 

Preae ration, flocculation, grit removal, tanks 
l4umber (one existing) 
Vdlume, ea. . ' 
•Detention time, ADWF 
Primary sedimentation tanks ■ 
^ Number (two existing) 

. Length 
Width 

Average depth 
'^t^ Overflow rate at ADWF 
'Detention time at ADWF 
Air'blowers - steam turbine driven. 
Number 

•■ Discharge pressure ' 

•Capacity, ea. 

Horsepower/ea . turbine 
Aeration-nitrification tanks ■ 

Number - . 

Passes per tank 

Length/pass 

Width/pass - 

Depth _ ' : 

Detention time, ADWF 
Secondary sedimentation tanks \ 

Number ' . - ' 

Diameter 

Sidewater depth 

Overflow rate, ADWF^ 
De nitrification tanks (anoxic contact) 
and aerobic stabilization) _ 

Number 

Length/tank ' • 

Width/tank 
Depth 

. Detention time, ADWF . ^ 
Reactors/tank 

I^aotors used for stabilization (max) 
. Methanol to NltraU - N ratio 



310,000 
30 mgd (1.31 m3/sec) 
48 mgd (2.10 m3/sec) 
140 mgd (6.13 m3/sec) 

216mg/l 
240 mg/1 . 
30 mg/1 
11 mg/1 



303 mg/1 
14 mg/1 
11.0 



27,700 cu ft (785 m3) 
• v . ■ 30 mirl 



254 ft (77.4 m) 

' • 38 ft (11.6 m) 
9.5 ft (2.^9 m) • 
780 gpd/sf (31.8 m3/m2/day) 
2.2 hr 

* 2 
8.;0 psig (0.56 kgf/cm2)' 
60,000 cfm 
2,750 

. ^2 • ■ 

■ 4 

'270 ft (82.3 m) 
35 ft (10.7 m)' 
1 5 ft (4 . 6 m) 
6.8 hr 



115 ft (35.1 m) 
1 6 ft (4 . 9 m) 
720 gpd/sf (29.3 m3/m2/day) 



315' ft (96.0 rri) 
30 ft (9.1 m) ' 
15 ft (4.6 m) 
102 min 
' ' 9 

4 

3.0 • . 

D 
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TABLE 9-1 5 



, CENTRAL CONTRA COSTA SANITARY DISTRICT WATPR 
( RECLAMATION PLANT - DESIGN DATA (CONTINUED)' 



Final sedimentation tanks 
Number 
Diameter 

Sidewater depth s 
Overflow rate, ADWF^ 
Effluent filtration^ 
Number 
^otal rated capacity 
^ itotal hydraulic capacity 
J Mhdi^ depth 
Anthracite 

FlUratioi^^ate at rated capacity 
^Water bacMWash rate, max 
Surface wash rate . • 
Solids disposal and Lime reclamatipn 
Sludge thickening 

Primary sludge thickener (converted digester) 
Number 
Diameter 

31udge to thickener 

Solids loading 
Centrate, thickener (converted digester) 

Number 

Diameter 

Solids loading 
Centrifugation- 

Number 

Type ^ . 

Max feed rate 
Max g force , G 

Cake solids cone, first stage 
Cake solids cone., second stage 
Furnaces 

Number 

Diameter of hearth 
Number of hearths 
Rated capacity * 

Sludge burning duty 

Recalcination'duty 
Recycled lime fraction 



115 ft (35,1 m) 
20 ft (6.1 m) 
720 gpd/sf (29.3 m3/m2/dayj- 



36 mgd (1.46 m3/sec) 
54 mgd (2.20 m3/sec) 

2 ft (0.61 m) 

1 ft (0.30 m) 
4.0 gpm/sf (2.72 l/mVsec) 
2 5 gpm/sf (17.0 1/mVs ec) 
0,75 gpm/sf (0.51 l/m2/sec) 



1 

62 ft (18.9 m) 
243,000 Ib/cfay (110,500 kg/day) 
80 lb DS/sf/day (390 .kg/m2/day) 



62 ft (18.9 m) 
42 lb DS/st/day- (205 kg/m2/day). 



vertical^ solid bowl 
260 gpm (0 . 01 6 .m3/sec) 
3,100 
55 percent 
14 percent 



22 ft (6.7 m) 
11 

/ 70,000 lb DS/day (32,000 kg/day) 
. 150)000 lb DS/day (68,000 kg/day) 
60 - 65 percent 



a " - 

^Loaaing applied to Sedimentation tanks at PWWF can be equalized by a primary effluent holding basin 
Data ort filtration from reference 28 ^ . . 



Nitrified mixed liquor nows to four circular sedimentation tanks., The tanks have a 
center-feed, peripheral discharge arrangement with sludge remoVal by vacuum-type sludfe* 
collectors. Sludge return rate is controlled by the blanket level in each, seconda^^ 
sedimentation tank. Solids retention time is controlled by use of waste activated sludge flow 
meters and return slud§e concentration. 
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' . FIGURE 9-11 



NITRIHCATIONrf)JENITRIFICATION SYSTEM AT THE 
CCCSD WATER RECLAMATION PLANT.(CALIFORNIA) 
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Suspended gr^th denitrification iS' used fpr nitrate removal. Upppvered i^afe 'are 
employed, a&jjiitial testing^dwed them to be acpeptableJvTv^cpafalldl denitrificahon 
^/.:tanks--cpnsi^t^f.. nin^onipletely -mixed reactors" in sqrie\,fHis arrangement afews'' 
, apprqjcimation^ of a ftlug flow hydraulic regime. Each reactor iS, equipped. with a low-sliear ' 
.^Wne type*mixer -to keep the mixed, liquor solids in suspension. The last four r^adtprs in 

X ^^i^L^"^ -e^iuipped with spargers for' aeration. With this arrangement,.the 'first fiyexells , 
irinW^sehes-^can bs used for anoxic denitrification reactors and the last four cells caS 'be' 
used for denitrification or aerated' stabilization .depending pn whether or not aeration is" 
used. The yolume devoted to each function can be variQ* to meet seasonaUo^s.^^^^^^^^ 
temperatures. '¥he anoxic rea-ctors are designed, to operate at O.Mb NO3 ~N rem./lb 
MLVSS/day 'at MLSS levels ranging from 3^0 tP 4000 mg/1. The gates between the last five 
, reactors. allo\<^ positive prevention of backnrjxing of oxygen between the reactore seiected' 
for denitrification and the 'reactors selected* for aerated stabilization: The gates are open at 
. the top to prevent trapping of floating solids in^hy reactor. The denitrified mixed liquor ' 
channel between the denitrificatio;i tanks and the fi^al sedimentation tanks is. aerated for : 
further stabilization. Final sedimentation 'tanks are similar to the secortdary sedimentation ^ 



tanks. , ^ 



^All waste sludge produced -in the CGCSD Water Reciama^ion Plant is eventually cycled into 
the primary sedimentation tanks and appears in the primary underflow. Sources of sjudgev. 
include the suspended solids- associated with the raw wastewater, the solids that are wasted 
to the iJrimary sedimentation tanks from the subsequent biological treatment stafees, and the 

inorganic sludges that are precipitated due to chemical action. ' 

... ■■ ■ ' . ■ ■' • <,■'■.■■■ 

To maintain a pH of 1 1.0 in the primary sedimentation tanl^^,1arge quantities of linier • 
approximately 400 mg/1 as. Ca(0H)2, must be used. The heed- for such 'a large dosag^. 
predicates the .economical recovery and reuse of the lime. The sPlids flowsheet is shown' in - 
Figure 9-12. The heart gf ^the system is a tWo-stage centrifuge process using vertical' • 
soUd-bowl centrifuges,' where. primary sludge is separated into two components; sludge cake 
rich in calcium xarbonate (CafcOs) and centrate containing most of the organic material, 
magnesium and phospl]orus. The first stage* centrifuge cake is approximately 70 percent 
'CaCp3. This cake is recalciried in a multi^jle hearth furnace, subsequently dry , classified and 
the lime returned to storage. The lime recovery is expected to be approximately 60-65 
, percent of the lime used.33 , 

The first stage centrate is thickered before being clarified in centrifuges identical to those • 
used for primary sludge classification.. The resulting , cake is reduqsd in a multiple-hearth 
furnace (MHF) to'a sterile ash wl>ich.is used" for landfill. The MHF is 'identical to that used 
for recalcihing. - - ' 

> ■ '." ■ , ■ ■ 

■• . 1 ■ 

_ Energy in the hot off-gases from each MHF is reclaimed yia waste heater boilers. Recovered v 
, . steam is use4 to run the turbines which power the aeration blowers. 
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SOLIDS FLOW DIAGRAM AT THE CCCSD WATER RECLAMATION PLANT (CALIF.) 
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Operational control of the CCCSD Water Reclamation Plant will be divided. into four areas, 
each of which will be manned by a senior operator, operator, andvarious maintenance men 
during each shift. The four areas are: (1) primary treatment, (2) biological treatm^t, (3) 
filtration; and (4) solids handling and conditioning/Because of the highly autom^ed control 
system^ cathode ray tubes (CRT) are provided in each operator control room, eliminating 
the need for lighted control panels. In addition to the main CRT's in the computer room, 
CRTs are located throughout th|||}laqt for data monitoring. Because of the very exacting 
standards required of industrial water, this plant is designed to prevent potential plant 
upsets by incorporating a direct digital control (DDC) dual-computer system to monitor and 
control all process functions.34 Operation of the on-line computer is by a "management by 
exception" basis which means that as long as the process status is within normal limits, 
information is not printed, displayed, or needlessly alarmed. ) 

■ ' ■ /■ 

While this plant will not go on-line until 1976, the process was rigorously monitor^ in a 
full-scale test at the existing CCCSD plant for a 23-month period. Portions of the test data 
are summarized in Section 5.2.4.2. . ' 

The construction contract for the first phase of work, excluding effluent filtration, totaled 
$47,000,000 and was let in micl-1972. The construction contract for the effluent filtration 
and appurtenances totaled approximately $14,000,000 and was let in the fall of 1974. 
Operation and maintenance costs were estimated for fiscal year 1976/1977 at $300/mil gal 
based on an average dry weather flow of 30 mgd. 

. 9.5.2.2 Canberra, Australia 

The Lower Molonglo Water Quality Control Centre (LMWQCC), an advanced wastewater, 
treatment plant under construction, is designed to serve the City of Canberra, Australia's 
national capital. Present discharges from Canberra's existing plants are causing algal growth 
problems in the receiving water and in a downstream reservoir. To circumvent these 
problems, it was established that the LMWQCC should produce an effluenf that contains:35 

Substantially no settleable solids, turbidity, color or odor. 

BOD5 and suspended solids concentrations of less than 5.0 mg/L 

A median fecal colifonn content less than 50 per 100 ml and a 90 percentile value 
of less than 400 per 100 ml. , " 

Total nitrogen ndt exceeding 2.0 mg/1 as N and total phosphorus not exceeding 
0.15 mg/1 as P. 

Detergent concentrations less than 0.5 mg/1 of MBAS. 
No sijfestances toxic to aquatic biota. . v 

9.39 , ■ 



Unit processes employed at the LMWQCC include raw wastewater screening,, lime addition, 
grit removal, flocculation, primary sedimentation, nitrification, secondary solids separation, 
fleriitrification, effluent filtration, effluent disinfection by chlorination, and dechlorination 
prior to discharge. Figure 9-13 is the prDcess fiow diagram for the treatment of the liquid 
fraction. Design data adopted and used for the LMWQCC is presented in Table 9-16.36 The 
solids processing flowsheet is very similar to that shown in the case history for the Central > 
Contra Costa Sanitary District's Water Reclamation Plant rn Section 9.5.2.1 and will not be 
duplicated here. " 

Very steep site conditions and confinement of the-plant to a limited area mandated an ) 
unusuar-arrangement of treatment structures. An example is the nitrification tanl^s which 
step down the hillside as shown in .Figure 9-14. A total of 4 parallel tanks are provided. Each 
tank is subdivided into & compartments. A very close approach to plug flow is provided by 
these tanks since backmixing is prevented because the paly way mixed liquor can pass alon^; 
the tank is by overflowing weirs between compartments. The plug flow arrangemerlt is the 
recommended process configuration for separate stage nitrification when very low residual 
ammonia nitrogen levels'are required. Aera^n air is provided to each compartment t^irough 
porous plate diffusers spread across the tank floor. Diffuser arrangement is very similar to 
that described in Section 9.5.2. 1 for the CCCSD plant. Carbon dioxide (in furnace stack gas) 
is added to the first two eompartments on a continuous basis according to pH level in the 
nitrification tanks. ' ' 

Due to site restrictions, an attached growth reactor system was chosen for the 
denitrification unit: The reactor chosen was specifically developed for this project and is the 
nitrogen gas filled denitrification column described in Section 5.3.2.1. Design details of the 
column are shown.in Figure 5-7. 

Bids for the LMWQCC were received in February, 1974 and the winning tender was $A 
27,000,000 ($US 35,600,000). The plant is expected to be completed by late 1976. O&M' 
costs calculated in February 1974, exclusive of amortization, were estimated at the 
equivalent of $US 266/mil gal.36 , . - 

9.5.2.3 Washington, D.C. 

In 1969, regulatory agencies established stringent effluent standards for treatment plants 
that discharge into the Potomac River in the vicinity of Washington, D.C. These standards' 
required upgrading the Washington; D.C. Blue Plains Plant to provide phosphonis and 
nitrogen removal as well as improved BOD and SS removals.37,38,39,40 g^j-iy 1975 (j^^ 
EPA announced that the construction of the denitrification portion of the Blue Plains plant 
would be delayed for two years. This decision came after study of the energy and 
construction costs for the facility. During the postponement period, water quality 
improfVement due to phosphorus removal and other treatment will be evaluated to 
determine if denitrification is necessary to achieve eutrophication control goals.^^ The 

. , ■ » 
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FIGURE 9-13 

PROCESS FLOW DIAGRAM FOR THE LOWER MOLONGLO WATER QUALITY 
CONTROL CENTRE (CANBERRA, AUSTRALIA) 
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TABLE 9-16 



LOWER MOLONGLO WATER QUALITY CONTROL 
CENTRE (AUSTRALIA), DESIGN DATA 



Population 

Avor.jqe dry wet-^ther flow (ADWH 
Peak dry weather flow (PPWH 
^eak wet weather flow (PWWF1 ^ 
Raw wastewater quality at ADWF 

BOP 

SS 

NH4-N 
TKN 

Primary ^ollds separation 

Chemical addition ' 

Lime dose as CaO 

Terrlc chloride dose 
, PH 

Flocculatlon and grjt removal tanks 
Number ^ j 
Volume (each) / 
Detention time (ATWH 
Primary sedimentation tanks 
Number l< 
Length 



Width ■ / 
Depth / 
Overflow raj^e at ADWF 
Detention time at ADWF 
Air blower* / 
Number / 
Discharge pressure 
Capacity -/total 
Biological nitrification tanks 
Number of tanks- 
Compart«ients per tank 
Wld^h 

Length/compartment 
Depth . ' 

Voljjme (4 tanks) 
CO^ required 
L)etentlon time at ADWF 
BOD^ load 
Final Sedimentation tanks. 
Number 

Diameter ^ 
Sldewater depth 
Overflow rate at 3 X ADWF 
Biological denltrtflcalion c.olufnns 
Number of cells • 
Width/cell 
Length/cell 

Media depth . - 

Total media "volume 
Application rate 
Methanol to nitrate - N ratjo 

Effluent filtration 
Number 
Width 
Lf»nc7th 
Media depth 

Anthracite 

Sand 

Filtration rate at 3 x ADWF 
Water backv^ash rate 



269,000 
28.8 mgd (1 .26 mVsec) 
43.3 mgd (1.90 mVsec) 
144.0 mgd (6.30 m^/sec) 

'221 mg/l 
242 mg/l 

35 mg/l 

59 mg/l 



2 30 mg/l 
20 mg/l 
ll.O 



27,700 cu ft (785 m ) 
20 mln 



212 ft (64.7 m) 
, 38.4 ft (11.7 m) 

8.9 ft (2.7 m) 
880 gpd/sf (35.7 mVm^/daV) 
1.8hr 



3 2 
7.5 pslg (0.53 kgf/cm ) 

90,000 cfm (2 ,550 m'^/mln) 



35 ft (10. Sim) . 
39.4ft(l2lm) 
16.2 ft (4.95 m) 
565 cu ft (19,960 m ) 
3,600 lb/day (13,600 kg/day) 
4.4 hr 

0.18 lb BOD /lb MLVSS/day 



120 ft (36.6 m) . 
20.6 ft (3.28 m) ' 
1: 635 gpd/sf (66.6 m3/m2/day) 



32.2 ft (9.8 m) 
40.2 ft (12.3 m) 
20 ft (5.8 m) ^ 
196,750 cu ft (5, 572 m ) 
146 gal/cu ft/day (19.0 m^/mVday) 
■2.8 



23 .75 ft (7.24 m) 
105 ft (32.00 m) 

3.5 ft (1.06 m) 
1.5 ft (0.45 m) 
6.0 gpm/sf (4.1 l/mVsec) 
18.6 gpm/sf (12.65 l/m^/sec) 
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TABLE 9-16 



LOWER MOLONGLO WATER QUALITY CONTROL 
CENTRE (AUSTRALIA), DESIGN DATA (CONTINUED) 

.Effluent chlorin^tlon-dechlorinatlon 
Number of tanks 
Contact time at ADWF . 
Solids disposal and lime reclamation 
. Primary underflow solids 
First stage centrlfugatlon (classification) 

Number of centrifuges 

Calcium carbooate recovery 

Cake solids contraction 

Total solids capture 
Second stage centrlfugatlon (clarification) 

Number of centrifuges 

Cake solids concentration 

Total solids caijture, minimum 
Furnaces 

Number 

* ' Diameter of hearth f 

Number of hearths 

Rated capacity 
' Sludge burning duty 
Recalclnatlon f^uty 

Reclaimed lime to storage 

Recycled lime fraction . 



/^Assumed Influent nitrate nltrbgen: 28 mg/1 

' discussion which follows includes the design of the denitrification facilities for this jplant as 
it provides an example of how denitrification can be incorporated in a large plant. Most of 
the discussion in this section is drawn from the Process Design Manual for Upgrading 

^ Wastewater Treatment Plants, an EPA Technology Transfer publication. •^'^ 

* 

In 1.969, very liftle performance data were available on the alternative phosphorus and 
nitrogen removal methods that might be used in this situation: Through the cooperation of 
the Joint EPA-DC Pilot Plant, it was possible to pilot and evaluate several alternative 
nutrient removal treatment sequences. Based on these studies, two-point addition of a metal 
salt was selected for pljosphorus removal, and it was determined that nitrogen removal 
would be best achieved through biological nitrification and denitrification processes. The 
pilot studies ^Iso indicated that to consistently meet the established effluent standards, 
multimedia filtration was required. Anticipated performance data for the upgraded plant are 
presented in Table 9-17. Figures 9-15, 9-16 and 9-17 show, respectively, the flow diagrams 
- for the primary and secondary systems, nitrification and denitrification systems and 
filtration and disinfection systems of the plant. 

The existing secondary system consists of four aeration tanks and 12 sedimentation unitsf 
To handle the anticipated increase in plant design flow from 240 mgd to 309 mgd, (10.5 
m-^/sec to 13.6 rn-^/sec) the existing secondary system will be enlarged with two additional 
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1 

50 mln, 

198,450 lb/day (90,000 kg/day) 

■' ' ^ ' ■ 1 

90 percent 
50-60 percent 
60 percent 



12-18 percent 
70 percent 



22 ft (6.7 m) 
9 



/ 

70,400 lb DS/day (>^,000 kg/day) 
237,600 lb DS/day/('l08,000 kg/day) 
47,960 lb/day/(2 1 , 800 kg/day) 
65-Tercent 

/ 
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' FIGURE9-14 

SEblON THROUGH NITRIFICATION TANKS AT THE LMWQCG, 
CANBERRA. AUSTRALIA 
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TABLE 9-17 



ANTICIPATED PERF0RM7fNiS;|_PATA AND EFFLUENT STANDARDS - 
BLUE PLAINS PLANT (REFERENCE 39) 







Secondary 


Nitrification 


Denitrification 


Filtration 


Effluent 




^ Influent 


Effluent 


Effluent;. 


Effluent 


Effluent 


Standard 


i 

BOD. mg/l 


206 


35 


10 


6 


4 


5 


Total phosphorus , mg/l 
sy • 


8.4 : 


2.0 


1.0 


0.5 


0.2 


"0.22 . 


Nitrogen: 












< 


Organic-N, mg/l- 


0.6 


3.0 


1.0 


•1.0 


0.5 




, NhJ-N. mg/l ■ 


13.7 


•14.8 


If. 5 


1.0 


I.O 




NO2 + NOj-N. mg/l 


' 0 


0.2 


11,. 1 


1.0 


0.5 




•Total N, mg/l 


22.3 


18.0 


n'.B - 


3.0 


" ^ 2.0 


2.4 



aeration tanks and 12 additional final sedimentation tanks. The aeration tanks are designed 
for a volumetric loajding of 120 lb BOD5/1,000 cu ft/day (1.92 kg/m^/day), an organic 
loading of 2.4 lb BOD/lb MLSS/day and a MLSS concentration of 1,300 mg/l. Since^the 
increased design loadings require more air per unit volume than the existing aeration system 
can deliver, the existing aeration capability will be increased. This system will be modified 
from a coarse-bubble, spiral-roll system to a course-bubble, spread-pattern system to 
imprpve oxygen transfer efficiency. The secondary system air capacity has been designed to- 
provide 0.54 lb 02/lb BOD5 removed. . 

Alum or ferric chloride will be added to the mixed liquor of the secondary system <ind is 
expected to remove approximately '^70 percent of the phosphorus contained in the plant 
influent. The addition of metallic salts to the secondary system is also expected to improve 
the BOD remo\fal in the secondary system from 75 percent to 85 percent.' This will ensure a 
secondary effluent BOD concentration of less than 40 mg/l, which was found during pilot 
testing to be deisirable for successful nitrification in* the second stage. To remove most of the 
remaining phosphorus, metal)jc salts will also be added to the nitrogen release tanks. " 

Biological nitrification facilities are designed for oxidation of 0.066 lbNH4-N/lb MLVSS/day 
at minimum wastewater temperatures and a MLVSS concentration' of 1,700 mg/l. 
At the stoichiometric oxygen requirement of 4.6 lb 02/lb NH^-N oxidized, one hundred 
and twenty - 75 hp turbine aerators are required. Maximum air supply to the turbines will 
be 88,060 cfm (2500 m^/mifi). the turbines were selected in this instance because, due to 
the limitations of the site, the nitrification tanks are designed to haye. depths 0^30 feet 
(9.15 m) to obtain the required volume. The turbines wiy provide adequate mixing to this 
depth and are capable of supplying a range of oxygen to the system as required by varying 
ammonia-nitrogen influent loads and varying wastewater tempera^res. Lime will be added 
to the nitrification reactor to maintain a minimum wintertime pH of 7.5. " 
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washington;d.c. blumlains treatment plant 
flow diagram of primy and s tooary systems 
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FIGURE9-16 
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, WASHINGTON, D.C. BLUE PLAINS TREATMENT PLANT 
FLOW DjAGRAM OF NITRIFICATION AND DENITRIFICATION SYSTEMS 
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. WASHINGTON, D C. BLUE PLAINS TREATMENT PLANT 
FLOW DIAGRAM OF FILTRATION AND DISINFECTION SYSTEMS 
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the nitrification sedimentation tanks are de^^igned for average and peak hydraulic and solids 
loadings of 5S0 and 1,210 gpd/sqV ft, ("llel^^^ and 49.3 m^/m^/day) and \1A and 

■36.6 ifi/s^ ft/day (85 ^nd '\4j. kg/^^^^^ The sludge return system is 

-designed to provide ret^urn p^40 percent Of peak;,, flow: However, the system \yill normally 
:be operated to jeturn 30 percent, of .the ^ver^ge flow. Continuous monitoring of the DO 
content of the nitrification efnuent will be provi^^^ that the influent DO to. the 

'denitrificatioh system is minimized, vi ," : " * ' , . ' • ' v - 



4 



. The biological denitrificatibn systefh is; liaid but to/iriolUdc, fcactoi^ nitrogen release tank^ 
' land sedimentation tanks. The reactofs have be^n desigaedtiof removal of 0.0425 lb N613 
:• -N/day/lb; MLVSS at Va^^^ mg/1, with up to.4.5 .{b 

. me thanol added/lb* NQ3 ~N applied. The realtors' ^I^^ Jdc'*.^ ft (13.4 m) deep and -be ; 
equipped with forty-eight v75 hp mixers, and v^U be ^jovered bat not airtight. . , v ' \ 

. ' ' \-'"' ^ ■■'•''» 1 ■■ . ,*'■;*'*• 

'. The nitrogen release tanks were designed to serve three functions: (1) to strip supersaturated 
^ nitrogen gas; (2) to provide mixing for second-stage metal salt- addition for Residual 

! phosp'horus removal an|l l^) to prdvide an aerobic zone for removal of exce;5^^ethanol. 

■.T|hese tanks will furnish i 20-minute detention peridd at average flow and 12 minutes at 
ji^*'; peak flow. ^ ' ^ 

- The defiitrificatioii sedimentation ttmks,are-dfe for hydraulic leadings of 670 gpd/sq ft 
(27.3 m^lm^/day) at .av|fa^e flow, .aad, V,^^^ gpd/sq ft (57.4 m-^'/m-^/day) at' peak flow. 
. Solids^ loadings are 25.6 aiid 54,0 ib/sq ft/.d^y (125 and 264 kg/m^/day) at average and pe^k 
flows, respectifely. ^ fi ' ' V 

♦Ihe 36 -multimedia filters areldesigned for filtration rate^ of 3.0 gpm/sq ft (2 l/m^/^ec) at 
' iyerage 'flow and 6.2 gpm/si| ft (4.2 l/m-^/^jec) at peaK, flow. Backwashing' will b^dorie^at 
, |ii^tervals iof 24 hours at a jratp of 25 gpnY^>Tt.(17 l/m-^/sec). The backwash water'Vitl be 
H^'^^i*^ conduits and ma,y be returned, yp§tream of either the secondary reactors or the 

iiilOipfi^n release tanks. i 'I , , • ' — ^ 




" been made toi dl^lo^hj^ eithe/tp^fream or dq>^stream of the filters with 24 
^^^r^^M^detention provided in C93^ct tanksTollowing the filters. 

^'' '^^ facilities will include gravity thickening q£.; primary sludge,- flotation 

^.vthickiening of secondary and advanced treatment sludges, va6iium filta-akon and slq^ge 
^^'^^cineration. ' > > 

9.5.2.4 El Lago, Texas - ' * * ; 

El L^o^Tex^s, is a small suburban community of 3,000 persons located near the L^on ^y^ 

The operating agency for wastewater treatment is the Harris Cbuaty ; 
WaSj^^ontrol-and^Iniprovem^^^^^^^ #50. This district currently operates a 0.3 itigd' 

(0,Ora|n*^ treatment plant 3n^69, the District received an order from' the Texas. 





Water .Quality Boc^^^ protection of Clear Luke trpm ex.c<^^ssivc cutrophication. 

' Two m(^ani5,.;w.ere^^^ with this ordcr at that time*; export of wastewater . 

• ' ypr proVu^lrig' .mi^^^ re moval prior to' discharge to Clear, Lake. The i;econd option Was 
V-.\eb6sen. and the District obtained a grant from the EPA to demonstrate 'iulj:stale'.nHrogen . 

and phosphorus removal.-^ ' .* . , * . ' ^ ^ 

The original..|3la|^t consisted of a rock trickling filter plant with anaerobic sludge digestion 
for solidS/pfox^ss'lng. The modified flowsheet incorporating nutrient removal is shown in 
Figure 9-18/ Added facilities are identified by asterisks^and include new aeration-nitrifi- . 
cation tanks, new denitri'fication . columns, new . tertiaijy filtration, and jacilities for / 
mc^ral salt, polymer and mejthanol -addition. All existing structures were incori^prated into'-'V. 
the upgraded plant. Design.,criteria-ft)f ^ plant are shown in Table 9A.8<^-.Xwd' ' 

_ separate ty^^es of denitrifica.tipn 'columns/W^^ so that:ii.ltv7na'tive desigjVij'^^l^ be'' 

' compared. One set of coTumiiS'Vvas/o high pord^ityviTit'^^^^^^ type ctescrrbed in 

^ ^'Section 5.3,2.2 and ^^(x^^^}ji}^l with^kpch Flexirings (coarse me^'^idlum'n in Table 9-18). 
•The other typ^wfi^j^^^ low porosity rnedia type describetl in Section 5 J;2.3 and , \ 

. as supplieci/^^^ th?^;l6jhkvo Corp. Vine media colilmn in. Table 9-18.) Both column types are.' 
Shown on F'igurii^'9-19. - ) \ <. ■ . * ^ 

Tat)les 9-l.^l^art.d 9-20'Wlabi^ tly initial perfornii^ice with the fine mexlia 

and coarsd^iedia respectiv^Jly.^ Phosphorus removar during the fine medi>a evaluation .was 



erratic- flue. tc> the ces5?ation of iron addition during stomi conditions. The ,fme media 

.-'columns prodjiiccjd^ containing' 1 7 mg/1 of susfiended solids .because tfie columns 

are backwasl\iid'W rathefithan clear tertiary filter effiuent. Since tertiary 

filtration is alsdpco^^^^^^^ ' 



, Table 9-21 reprociucvs. a .'nion^^^^^^^^ data /for tlie fine media denitrification 

columns. This data shows th^ .inVpc'QVements ifi all parameters of effllU'nt. quality obtained 
. after one year of experience:jn p^^^^ ^ . ''.^ 

The -coarse media dxinitrincatiori columns also performed well during 'the investigatiort. 
While the fine media columns required at least daily backwashing to prevent exceilsive^ 
headlosses, the^high void volume of the coarse media allowed operation' without frequent 
backwash. The routine procedure was t^.'back wash every 4 weeks. ^ This proved to ^be an 
important difference to the pjant operators, who found* that the coatselne^ia units'required 
'much less, attention than the fine media units,43 V; . * . ' ' 

The .capital c^osts for the modifications, to the El Lago Facility were incuged over a two-year - 
period (197.1-1973) and totaled S3 )^2'365 including change orddVs. Tliis cost includes the ' 
provision of dual denitrification facilities; had only one type of denitrification system been'. 
. included ^t; i^ 't^^^ that the total would be about $75,000 less. The only increase ip 

operating costs has been for chemicals and power ajld.this has totajed $96/mil gal.^ It was 
found that t.he existing plant operators'. could adapt , to advanced* waste treatment processes 
and no increase. in staff wa5 required. • « ° . . ' 

... ' - \ ' ' . . ''■9-50 ' ' ' • • 

• ^. , ^ >^ o ■ ■ 
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EL LAGO, TEXAS WASTEWATERITREATMENT PLANT, FLOW DIAC?RAM 
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TABL£ 9-18 



desigK data, el lago, TEXAS' wastewater treatment plant 



Average. dry weather flow (ADWIO 
Peak dry weather flow (PDWF) 
Peak wet weather flow (PW>v4') 
Raw wastewater quality 

SS ^ 

Total Kjeldahl nitrogen 
Primary sedimentation tanks (exlstinq) 

Number ^ • 

Detention time (ADWK) 

Overflow rate (Al ^WP) 
Roughing trickling filter (rock, existing) 

Number 

Depth ^ 
Rock size ,*' •* ,• '/' *'• 

Volume of me^ia"'',- 
(>ganlc load {ADWF) 
Recirculation rate , 
Air blowers (new) 
Number 

Discharge pressura 
Capacity - total 
Aeratlon-nltrifTcatlon tanks (new) 
' Numbqc . ' 
Arrangement 
Volume - Total 
Detention time (ADWF) 
MtvSS 

^ Solids retention time ■ 
Secondary sedimentation tanks (existing) 
Number / 

Detention tlnie '(jA-pVvn 
Overflow raite. *aty\Dwr 
Overflow 'T^tQ at PWVSi? 
Denltriflcd,cran columns 
Coarse.^.rjiedla ; • 

NlftiibeV{s:6ries) 

Type 

Diameter 

Media depth 

Media type 

Specific surface * ' ^ 

Voids 

Empty bed contact time 
Surface application rate at ADWF 
Air backwash rate 
Water backwash rate 
Fine media 

Number (series) 
Type 
Diameter 
Media height 
Media type 
Specific surface 
.Voids 

C/Tipty bed contact time 
Surface application rated at ADWF 
Air backwash rate.. ■ / - 

Water backwash rate 



., 3/000 
0.3 mgd (-0.013 m"^/sec) 
0.5 mgd (0.022 mVsec) ^ 
1.0 mgd (0.044 m^/sec) 

I 

151 mg/1 
195 mg/1 
37.5 mg/1 

2 

1.6 hr 

440 gpd/sf (30 jn^/m^/dby) 



^ 6.5 ft (2.0 m)- 

▼ 4 m (100 mm) 

20,900 cu ft (590 m^) 
12 l^.BOD '/1,000 cf/day (0.192 kg/m /day) 



3 mgd (0.013 m^/sec) 



6.5 pslg (0.46 kgf/cm2) 
900 cfm (25.2 m^/mln) 

2 

Series ^ 
10/100 cu ft (302 m ) ' 
6.1 hr 
1,000 mg/1 
10 days 

2 

5.4 hr . 

320 gpd/sf (13 m'^/m^/day) 
1 ,060 gpd/sf (42 m^/m^/day) 



50 pslq (3.5 kgf/cm^) pressure 
10 ft (3 m) 



vessel 



10 ft (3 m) 
Koch Flexlrlngs . 
105 sf/cu ft (346 mVm^) 
I 92 percent 
- -1 hr 

2.5 gpm/sf (1 .6 1/m /sec) 
10 cfm/sf (3.1 mVm^/mln) 
gpm/sf (13.5 1/m^/sec) 



20 



50 pslq (3.5 kgf/cm^) pressure vessel 
6 ft (1.8 m) 
6.5 ft (2.0 m) 
3 to 4 mm uniform sand 
• 250 sf/cu ft (825 m^/m^) 
40 percent 

0.25 hr 2 

7.4 qptn/sf (5 1/m /sec) 

8 cfm/sf (2.4 mVm^/min) 
20 gpm/sf (13.5 l/m^/sec) 
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TABLE 9-18 



DESIGN DATA, EL LAGO, TEXAS WASTEWATER TREATMENT PLANT (CONTINUED) 



Tertiary filtration - 
Number (parallel) 
Type 
Height 
. Diameter 

Media height and type 

Medfa support base 

Surface application rate at ADWF 

Water backwash rate 
Chlorine contact tank 

-Detention time (ADWf) 
Anaerobic digestion 

Volume 
Sand drying bed- 
Area , 



30 psig (2.1 kgf/cm^) prps ^urp v^ gel 
8 ft (2.4 m) 
' 3.5 ft (1.15 m) / 
. 3 ft (1 .0 m) of 0.3 to O^^J^im sand 
0.5 ft (0.15 m) gravel 
2.2 gpm/sf (1.5 l/m^/sec) 
15 gpm/sf (10 l/m^/sec) 



3, 



1 hr 

8,830 cf (2,472 m") 
6,300 sf (580 m^ 



FIGURE 9-19 



EL LAGO, TEXAS DENITRIFICATION COLUMNS,' COARSE MEDIA 
TYPE ON RIGHT AND FINE MEDIA TYPE ON LEFT 
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TABLE 9-19 



INITIAL PERFORMANCE OF FINE MEDIA DENITRIFICATION COLUMNS 
... ATELLAGO,TEXAS- JUNE4TQ JULY6, 1973 



f • , 




> 

Mean value, 


mg/l at Indicated sample location 






K^onsi ituenu 




Raw 
wastewater • 


Primary 
InfluAit 


Primary 
effluent 


Nitrified 
effluent. 


Denitrified, 
c,a 
effluent ' 


Final 
effluent 


Total P 




12.8 


15.4 


■ 8.4 


7.3 


6;.6 


4.8 


Soluble P 




10.3 


4.7 


4.1 . 


. 3.4 


5.5 


.3.6 


SS 




113 


28? 


72 


37 


17 


3 






18.7 


21.7. 


21.5 


0.9 


0.8 


0.6 


TKN 




0^ 42.6 


38.6 


30.2 


3.7 


2.4. 


3.3 












15.2 


2.6 


2.3' 


BOD3 




175 


222 




65f 
. If/ 


9 


9 


COD 




297 


488 


181 


72 


51 


g 

Temperature 




2 6. .5 













^ Average flow to' plant: 0 . 307 mgd (0 .0 1 3 m V^fec) 

^ Peak daily flow to plant: 1 .0 mgd (0 . 044 m /sec) ^ 

^ Average flow to denltriflcation columns': 0.254 mgd (0.011 m /aec) 

^ Peak dally flow to denitrification columns: 0.420 mgd (0.018 m /sec) 

J Nitrite - N always less than*0.2 mg/l 

Includes methanol 
^ Degrees C 

TABLE 9-20 



INITIAL PERFORMANCE OF COARSE MEDIA DENITRIFICATION COLUMNS 
AT EL LAGQ, TEXAS - JULV 8 TO AUGUST 3 1 , 1 973 





Mean value, mg/l at Indicated sample location 


Cfbnstltuent 


Raw ^ 
wastewater^ ' 


Primary 
Influent 


. Primary 
effluent 


' Nitrified 
effluent 


Denitrified 
effluent 


Final 
offluent 


Total P ■ 


12.3 


13.1 








2.8 


Soluble P , 


10.3 


3.1 


2.4 


• 




2.3 


SS 

NH4.-N 


102 


231 


63 


43 


19 


4.5 


16.3 


14.6 


14-. 4 


0.9 


1.2 


0.9 


TKN 


'29.7 


31.8 


26.7 


2.6 


2:5 


1.7 


NO^-N® 




-/ 




13.6 


0.9 


0.6 


BOD^ 


143 


156 


87 


43 f 


■ • 15 




COD 


248 ■ 


336 


167 


^ 107^ 


52 


38 


Temperature "3 


27.2 













^ Average flow to plant: 0.320 mgd (0.014 m /&ec) 

^ ^eak dally flow-to plant:^ 0.900 mgd (0.*039 m /sec) ^ 

^ Average flow to denitrification columns: 0.315 mgd (0.014 m /s^ec) 

Peak dally flow to denltriflcation columns: 0.632 mgd (0.028 m /sec) 
^ Nitrite - N always less than 0.2 mg/l 

Includes methanol ' 
^ Degrees C ' 9-54 
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TABLE 9-21- 



SUBSEQUENT PERFORMANCE OF FINE MEDIA DENITRIFICATION COLUMNS 
AT FX LAGO, TEXAS - OCTOBER .1 THROUGH QCTOBER 3 1 , 1 ^74 .' 



: 


Mean value, mg/l at indicated sample location 


Constituent 


Primary . 
influent 


Primary 
effluent 


Nitrified 
effluent 


Denitrified 
effluent<='^ 
Column No. 1 


Denitrified 
effluentc*d • 

Column No. 2 


Final 
effluent 


q 

Total 


12 


3.6 


3.1 


- 




0.41 


Soluble' P 


'1.8 


1 .0 


0.41 






U . *i u 


SS 


295 


51. ■ 


81 


51 


44 


1 


. nhJ-n 




18 


■ 0:4 




0.4 


*0.3 






24 


2.6 




1.5 - 


; - ■ ,0.9 , • 


NO3-N 






15 


1.9 


0.9 


• ..0.6 • 


BOD5 






• 62^ 


16 


• 12 


' 3 ' . 


'CCD 






113® 


44 


36 . 


' 19 . 


Temperature^ 






21 


■ 4 (• 







^Average daily, flow toT plant: 0.301' njgd (0 . 01 3 m^T^ec) " ' ; ^ '•'".{'.' 

-'.'. Pe.ik d^ily flow to' plant: 0.47 mgd (0.021 m^/se lj^ ./ f- . :' ' ■ / . 

'• ''^Ayerage flow to denitrificatlon columns; > 0 ;2 82 m^H^ .01 2 m^/sec)' • . v' ^ * » » c-' ■ 

:^ ';'.- Pe61< daily flow to denitrification colucfinS: ,9 v.470 Wd (0.021 m^/J^ot); . • \ . ;/ • ^" 

*•* vylncludes methanol , ..■ ' -^^'^ ... 1 a'... ".^ 

Degrees C ■ v ' ' ' ^ ; ».'- . ». ;. . ' 

^Reduction of P due Lo If^rrfc ch|orid^.;adfi;lt^in' t<> prirnary and nitrification step (3;^. mg/l'as Fe) .' Adso polymer, 
DOW A*23. added to primary at p. 23 ni;^yrand to tertiary filter at 0.17 mg/l.. - , 



9.5.3 Case Examples of Breakpoint Chlorination for Nitrogen Removal 

Two examples of the use of breakpoint chLorihation for nitrogen removal are presented ^n 
this section. The Sacramento Regional County Sanitation District's plant will incorpo/ite 
breakpoint chlorination of approximately one-half of the plant effluent to achieve the 
partial nitrogen removal dictated by plant effluent requirerhents! The Montgomery County, 
Maryland facility is designed for breakpoint chlorination of the entire flow to meet rigid- 
limitations on total nitrogen set on the plant's effluent. 

9.5'.3.1 Sacramento, California 

The proposed Sacramenfo Regional Wastewater Treatment Plant v^ll be owned and 
operated by the Sacramento Regional County Sanitation District to serve the City and 
County of Sacramento. The Regional Plant is dq^signed for 125 mgd (5.43 m*^/sec) average 
seasonal dry weather flow. It consolidates 23 ^existing plants presently discharging to the 
Sacramento and American Rivers above Sacramento and provides for discharge to the 
Sacramento River, downstream. At minimum river flows maintained by upstreaai. dam 
development, the 125 mgd average daily flow will be about 2.7 percent of the total river 
flow at the plant discharge site.^^ 

' # • * 
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Effluent fr*om the plant will comply with waste discharge requirements adopted by the 
California Regional Water Quality Control Board on October 25, 1974. Effluent quality 
requirements require BOD and suspended splids to average less than 30 mg/1 pn a monthly ' 
basis. Total nitrogen is limited to 15 mg/1 when Sacramento River flow is below I2,000,cfs 
^(340 m^/sec) at a Specified gauging station. The 15 m§/l total nitrogen requirement under 
•low now conditions in the receiving water is .to reduce algae blooms. Based on long-term 
rainfall and river flow data, it is anticipated that: nitrogen removal will be required for an 
average of 67 days per year.-^'^^ One consideration in developing design criteria for the 
regionarplant was to find the most cost-effective solution for intermittent nitrogen removal. 

In the regional facility mixed municipal and cannery waste wilfundergo treatment steps 
including prcchlo^nation, preacration, grit, removal, primary sedimentation, oxygen 
activated sludge treatment, secondary sedimentation, post aeration to strip carbon dioxide 
and raise pH, chlbrine disinfection, and sulfur dioxide dechlorination. For interfhittent 
nitrogen removal at Sacramento, breakpoint chjorinatiori was most cost-effective. In 
comparison to biological nitrification-denitfification, breakpoint chlorination was cost- 
effective if the total nitrogen jimitation did not exceed a duration, of about 300 days per 
year. Breakpoint via on-site production of hypochlorite solution from direct mixing of 
liquid chlorine and caustic was cost-effective in comparison to electrolytic generation of 
hypochlorite if the duration of the nitrogen limitation did not exceed about 200 days per 
year, ^ ^ 

^Most significant in the cost analysis is thx^ capital expenditure to meet the maximum, 
chlorination capacity. Calculations indicate the maximum required chlorination capacity for 
breakpoint will be 170 tons, per day (154,000 kg/day). This figure represents treating the 
entire plant flow. The .average required chlorination capacity for breakpoint, is 78 tons of 
chlorine per day (70,700 kg/day). One alternative for meeting n;aximum required capacity 
would be to provide 42 standard 8,000 lb/day (3,600 kg/day) vacuum chlorinators. 
Alternatively, generation' of hypochlorite using the electrolytic process wojild require 51 
unils of 3.3 ton/day (2,990 kg/day) capacity as well as brine and salt storage. Anotfier 
alternative was reviewed, that employed by the Los Angeles County system which utilizes 
liquid' chlorine and base mixed in a water stream. This system appeared to provide the 
required maximum operating flexibility with minimum investment cost. Thus, it was decided 
to feed liquid chlorine and caustic soda into a recirculated effluent water stream directly 
forming hypochlorite. ' 

Liquid chlorine is available ii; rail tank cars from San Francisco Bay area producers as well as 
Washington state. The rail facilities billow flexibility of plant deliveries and eliminate the 
need for permanent on-site chlorine storage tanks. 

Design criteria for the breakpoint facilities at Sacramento are summarized in Table 9-22. 
The breakpoint system is designed as^wo complete and separate units'each capable of 
chlorinating half of the plant/How. This allows breakpoint chlorination of only the portion 
of the plant flow required to meet the 1-5 mg/1 total nitrogen limitation. It is estimated that ' 

9-56^ 



i2D 



TABLE ^9-22 



DESIGN CRITERIA FOR HYPOCHLORITE PRODUCTION FACILITY 
SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT 



Plant Loading 
Flows 

Maximum hourly 
• Average dry weather 
t Average seasonal dry weather 
To$^l. nitrogen (inflyen'v) 
' •;■i;^M'ciXl mum; hour ly ' ^ 
*V Av0ragi^drY,W:eather 
Chfepiical, re^'i;lreiriefit$ .': , . •; 

. .\(nhem'icai'TaWps. . ' ■ ' 

•;.TA?TiiTioDla .nl'trogerr'to total jiltrog;en^^ 
] . " ^Qljlorioe to csmmoni^. nl^rQ^p'^i ratio' 
■ft Maximum' *' . ; 

■ • Average ' v. V;. . " 

Caustic'to chlorine ' v' i; ' '*.*■ i 
Maximum Jv/;' .>.,■• 

Average ' '"^ ' 

Chemical feed rates _ 
QhlorLnft ' . 
Maximum 
l^verage^ 
^di*4tic 

Maximum ' 
i Average ^ • 



Che: 
, C 



or^v 

Cdi*4j 
- Mi 
#Av 

r9i(^l ^torage and delivery 
^isloilne storage 
umbe 
laxirr 

Sir 




. Number single unit railroad tank.car spots 
Maximum capacity .•each unit 
Ojgdine storage capacity 
In^fc^it storage capacity 
Sod iunx hydroxide Storage . 
\ Number tanks 

Size. iiia. x height ^ 
|ty. each tank (25% 'cone.) 

single unit railcoad tank car spots 
llmujn capacity, each unit (50% cone.) 

hydroxide feed pumps 
hber ' 
Capacity, each unit (25% cone.) 
'Padding air compressors 
Number 

Capacity, each unit 
Discharge pressure 
Sodium Hypochlbrlte Generat9rs. 
Number ' 

Maximum capacity, each unit 
Channbl , mixers 

Number 

Capacity* 
Ammonia analyzers 
Chlorine analyzers, total 
Chlorine analyzers, free 
Water Supply puiups 

Number 

Capacity, each unit 



150 mgd (6.57 mVs) 
110 mgd (4 782 xti/s) 
125 mgd (5.48 mVs) 

37 mg/l 
33 m"g/l 



0.75 


: 1.00 


10. b 


: 1 .0;. 


9.0 


: 1.0^ 


■ 1.3 


r' l lo ■ 


' 1.0 


: 1 .0 



170 tons/day (154.195 kg/'day) 
78 tons/day ( 70.750 kg/day) 

221 tons/day (200.450 kg/day) 
78 tons/day ( 70.750 kg/day)- 



12 



90 tons (81 .630 kg) 
5 days 
7 days 



40 ft X 20 ft (12.2m -x 6.1 m) 
188, OQO gal (711 ,580 1) 
2 , 

9p tons (81 ,630 kg) 



75 gpm (4.73 l/s) 



130 scfm (61.3 /s) 
220 pslg (15.2 bar) 



85 tons/day (77,100 kg/day) 



40 hp (2.9.8 kW). 
• 2 

2 ■ 
, 2 



800-2100 gpm (50 . 5-1 32 . 5 l/s) 



^Represents breakpoint. chlorlnatlon of three-qtiarters of. average plant flow. 
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both units will be required to be operational at certain times to maintain effluent 
requirements. Figure 9-20 is a simplified schematic of the breakpoint chlorination system 
and its control instrumentation. The process consists of producing sodium hypochlorite by 
inline mbcing of liquid chlorine/ water, and caustic at a chlorine concentration of 
7,000-8,500 ppm and a pH of .7.5. Maintenance of proper pressures in the chlorfne feed 
system is the key to successful operation of the hypochlorite generation system. Experienc«e 
at Los Angeles County White Point- plant indicates a necessary pressure of 40 psig (2.8. 
kgf/cm^) in the mixing tee and greater than 1 10 psig (7.73 kgf/cm'^) at the chlorine feed' 
valve. These pressures require pressurizing C'padding") the chlorine railcars with 175 psig 
(1 2.30 kgf/cm2) dry air. ' / 

A chlorine reserve tank is used to provide chlorine during periods wfien empty chlorine tank 
cars are being replaced with full cars and can provide about a one-hour supply of chlorine. 

The feed rate of liquid chlorine is' measurecl with a steel tube rotameter and controlled with 
an automatic valve. Pressure drop from the chlorine feed line to the mixing tee and initial 
mixing of chlorine, caustic and water is partially accomplished using a plug injector. To 
improve mixing immediately downstream of the mixing tee, an inline powered mechanical 
mixer is provided. The hypochlorite solutionj line then includes three taps for pH metering 
and a back pressure valve to maintain^ 40' jpsig at the mixing tee. The pH meters are 
duplicated for each unit.' The duplication is for improved reliability of the pH system and' 
the multiple taps are for additional flexibility in selecting the point which is monitored for 
control purposes. ♦ 

The related feeds of caustic and water are provided by pumping from the chemical storage, 
area and the effluent channel. Caustic is fed from storage tanks tlirougli centrifugal pumps; 
automatic con trol valves, and magnetic flow meters. The ' control signal is proportional to 
the chlorine feed with feedback control provided by. the:pH meters.. Miinual caustic feed is 
provided for breakpoiJH start-up and for pH adjustment of final effluent. 

Plant effluent is used for sodium hypochlorite solution water and is. provided by two 
variable spaced pumps located as shown in Figures 9-20 and 9-21 . The control of the solution 
flow fvia *pump speed) is proportional to the chlorine feed. The solution water flow is 
measured by magnetic flow meters just ahead of the mixing tl^e. 

The plan view of Figure. 9-21 also shows the application points for the breakpoint 
chlorinafion located at the end of each battery of secondary sedimentation tanks. To insure 
rapid mixing, two spargers are installed with orifices that insure a minimum exit velocity of 
about 10 fps (3.1 m/sec). Automatic valving provides one sparger for lower feed rates and 
two when flows cause back [pressure to reach the control limit of the hypochlorite back 
pressure valve. Immediately downstream of the breakpoint spargers is a mechanical mixer 
followed by a submerged overflow weir. The mixing channel and the post-aeration channel 
following are covered. The exhaust can be passed through mobile activated carbon filters to 
remove odors, such as nitrogen trichloride, if necessary. The activated carbon filters are 
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FIGURE'9-20 



HYPOCHLORITE GENERATION SCHEMATIC - SACRAMENTO 
. ' REGIONAL WASTEWATER TREATMENT PLANT 
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FIGURE 9-21 



• . .T^f S^^'^^ ^^"^ ^^^'^ '^^^ fiREAKPOINTFAGILgy AT THE 

WASTEW'ATER TREATMENT PLANT ■ 



EXHAUS^..ffA'S'S,YSTEM 

-disinfeItion mixer 




WAtfeR. SUPPLY' 
PUMps'.', 



0 Clj RESIDUAL ANALYZER 
TO AMMONIA-' 

NiTfiOfiFN- .«un ' BREAKPOINT 
!ll?v''/» _ TOTAL f FREE Cle 

DUAL ANALYZI 



CHLORINATED. 
EFFLUENT 



PLAN VIEW -POST AERATION CHANNEL 

NO SCALE 



DISINFECTION 
TOTAL Cl2 
RESIDUAL ANALYZERS- 



MIXER 












V 








□ 





33/75 HP DISINFECTION 

. ' MIXER- ' 

MOBILE 

VENTILATION^ 
UNlT-H^Sj^^ 



800-2100 GPMii 
WATER SUPPLY' 
npUMP 




SECCNOARY 

EFFLUENT BREAKPOINT —DETENTION. TIME ; 35 Sec* 
SPARGER 

*AT 62.5 MOD 



SPaSsI"^^ ^■'ETENTION time =20 SK* 



SCHEMATIC SECTION- POST AERATION CHANNEL 

NO SCALE 



ERIC 



7 



434 



mobile units that are identical to'theise jjsed throughout the plarit in various applicatibps. 
When the carbon is exhausted, tl]e moHib^ units are replaced witli duphcate units aivd;t'c|^^ 
to a central carbon handling facility Tof' bj^^ 'ropfacement. Breakpoint Chlorinafioh control is 
closed loop. Feed forward control inckfides ammonia nitrogen cohfcentration, effluent flow,* 
and a ratio proportioner of chlorine to ammonia nitrogen. FeedbacK . control is achieved by 
free chlorine residual measured after the breakpoint rea^itipn. Arnhionia/nitroigen samples 
are pumped continuously from each battery upstream of th'e Jiypdbhlorite sparger to 
ammonia nitroge;i analyzers. Chlorine residual analyzers are of . the ampetrdmetric type and 
are in duplicate. One analyzer measures; ff^e chlorihe^residual ^nd is used for/cpntrol; the 
. otjler analyzer measures total chlorine residjiial and is used as a monitor. Separate provision 
Js^-irtaiig for^ chlorine for disinfectio'ri^'v^hen break pointing isngt being pra.ctic0(j[:. This" 

'W^is7;d(^^ different magnitudes of chemicals afe^i when deaHrig with 

/breakpoint .tKah ^v^ath^^ Estimates for- capital . ^^nd ,ppera,ti for the 

bre^poiAtcyb^^ are in Tables 9-23 and 9^24/: ' . ' 



• TABLE 9-23,/ '''''''' U - h 
CAPITAL COST BREAKDOWN FOR BREAKPOINT CHLORINATtON AT 
THE SACRAMENTO REGIONAL WASTEWATER TREATMENt^LANt 



Item • 


Estimated co^t^ 




Breakpoint generation equipment 
Outside piping • . 
Chlorine unloading facilities , 
Caustic storage and pumping 
. Railroad ^.v' " 
Air pSddiqg facilities '•. 

Subtotal . ' ' .;V 
Engineering and contingencies 

Total "''^ 




$ , 9f5,000 
240,000 * 
110,000 
162,OOQ'.>i; 

r\ . ss'^'^jGo' • .•: ^. 

906 ^OQp.- 
272 ,060 ■ ^ 
$l,178,0d0/,/ 



^Cost basis: October, 1974 



TABLE 9-24 , ■ . ■ ■ ■■■■ 

TOTAL ANNUAL COST BREAKDOWN FOR BREAKPOINT CHLORINATION AT 
THE SACRAMENTO REGIONAL WASTEWATER TREATMENT PLANT 





1,000/yr 


$/mil gal treated 


$/mil gal - annual average 


Chemical cost^ 


1 ,265 


172.00 


31.50 


Labor cost 


30 


4.00 


3.00 


Subtotal 


r;295 


176.00 


34.50 


Amortization of capital 


101 


13.50 




" c 

Total annual cost 


1.396 


189.50 

■ i 


; * 37.00 .■"■•''^ 



^Casts are based on chlorine @ $144/ton and caustic soda @ $168/ton, October 1974 prices; 
* ■ average plant flow of 110 mgd; and brfeakpoint chlorination required 67 days/aver. .yr. at ' 
an average of three quarters of the plant flow. 

.^Power costs negligible ',■ W '/'.^ 



Capital recovery at^f percent* and 25 years 
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%5;.-3l2Montg6iTiery County, Ma - ■ , ■ ' : ■ ' 

- "■ , ' . ■ --i^ ' ' ■ ■ * ■■ 

This new 6b/.^ga. . {:2,6 m^/sec) facility 1 now- bei4 designed 48 It will be owned and 
operated by the Washington Suburban S^itary Commissron to serve the Maryland suburbs 
of Washington, D.G.. The plant will" discharge to the Potomac River above the raw water 
intakes for the Washington, D.C. water treatment plants ^9 At minimum river flows the 
effluent- will make up about 15 'percent of the water volume at the water plant Intakes 
.Be^us, of th. critical natu^e;of fee.downstrea^ w^ter use, the, following effluent goajs have 
been established: ^ ' ' \ ' ^ » ^ " p-iuvt 



Parameter 



Value 



; ■ , B0D5,.mg/i ' ■ ■■■ Vr: >■,:;o^^•^^;,;V3^ 

.. . . Suspended soads' hTg/l . . 6 ^ ; / -^^ 

Total phbspheirus.(^^ 0.1 ' 

i'^^v'v/v--S'" ;^ •■ 200-350 ; 

. •..'■"«■. 850-1,120 I '.' 
■ ' Goliform/ bacteria - MlPN/j.90mr'^^^^^^^ 2.2 1 

V^^cai-c^^^ . 2.2 , ^^^^.''^^^ 

figure 9-22 is a.flow; diagram of the treatment process. The final effluent will be stored in i,- 
:.resen.o.r with a JO day^holding capacity l,efdre,.discharge to the Potomac. The hme sludges 
will be rccalcmed and'gused.:and jthe^^^nnla^^^ will be regenerated on-site fpr re 4.^ 

The breakpoint procesi^^a^ selected over alternate approaches for several reaspns SOr,^,^ 
^ftthat the Tesults of the-^fTrst scale-up of .the selective iqn;;^xchange process underway; at' 
the near^ Up|er Occoquan (see Sec. 9.5:4.1) plant, in Virginia should be available before a 
t)U mgd (2,6 m /sec) selective ion exchange facility was attempted. ' ' ; ' 

..The prolonged cold weather periods made ammonia stripping inadequate for substantial 
.: portions of the year. The biological approach seemed to offer no significant cost savings and 
was prone to occasional . inefficiencies whifch would be particularly significant because of the 
effluent quality goals. The effluent TDS. additions from the.breakpoiht-RrOGess were not a 
•limitation in th4s case because the effluent does not enter a reservoiror cdrifiried watershed ' 
where the solids would be recycled and continue to build up but enters the Potomac Rivet 
.shortly before it flows into the PotoiTiax; Esfuatyi: 

Concern over^he .fi;az;aixis of transporting and storing large quantities, of-chloririe |as ted-io." 
the decision to use sodiufn. hy pdcHl'qrite . f6r "tU'breakpoihf ^protfiss; An .investigatiQii:;60he ' 
availability and cosf • /Qf,. s<)dium hypochlorite, - fed: to . a decision: to install arf dp-site 
0 hypochlorite generation faGiJity Of the membrane:' cell type.5 1 ,52 ■ p^^ .^tim^e' 
process of sodium hypochiorite generationV the-^^^^^^^ aje el&lriGal powe^ 

saH,. and water. The membrane cells and the overall system are shown schemSticalfy' in- 
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. ' • .. FIGURE, 9-22 < . 

; VlOW diagram of the. MONTGOMERY tOUNT^Y, MARYLAND PLANT ' ■ y 



Prelimi'ngry 
Trcotmtnt 

\ 



Pr imory 
Sttt hng 



. Plonf 
;Ef f lutnT 
Rt»tf voir 
(fOptionol) 



DitchorfC * 
to Potomoc 
R U«r 



Woite Orgonic 




Sludtft. • 




Incinerotion 





• Atl) ' 



Limt 
Rtcovtf y 



AcfjVoffd 
S ludge 



^condory 
Settling 



ulotion s 



Lime Codgi 
a Sett'lipQ for 
Phoipho7u» Removol 



Reco^bonot ion 
to pH 9.3 



Sett ling* 



-Recycle — 



» 



Free R«^iduol 
Chrlorinotion 
a Secon^ry 
Recorbohot ion 



Suppleme^ tol 
ChloriAotion 
tot nffdeO 



< Gronutor 
k , Corbon 
'Adsorption 




BP Chlorinotion 
tor' 

NH^-N Removal 




Fittrol ion 




Bollost Pond 
a Chk)rlAe 
Contoc.t • 










; 1 



















C orbon 
Regenerot ion 



FigUi;es 9-23 and 9-24. Saturated brine is fed-to the anode compartment of the cells. At the ' 
anode surface, chlorine gas is generated. The effluent from the cathode compartment is sent 
fo i .fe.iS'-liquid separator in which the hydrogen is removed^rom the caustic solution. 
Chlorine and caustic arS fed to the. reactor, with the causticfin slight excess, to produce 
sodium hypochlorite. The reactor is water cooled to avoid decomposition of hyf|6chlorite * 
and formation of oxygen. Insoluble gases, mainly oxygen, are removed jn. a gas-liguid ' 
separator before the hypochlorite is sent to produ'ct storage. Brine feecl for the; system ' 
comes from a salt storage tank which is used for salt storage and production of saturated^ 
brine. The cell 'typically produces hypochlorite with 8- percent available chlorine nt 1.7 
kwh/lb (0.77*kwh/gm) available chlorine. ■ * • 



J The design' criteria for the hypochlorite prpduction facility at MbntgOmery County are 
summarized ii? Table 9-25. "Concentrated brine is created by combining. softened water* 
• (softened to minimize potential for scaling- of the membrane with calcmm) and solid saU to 
. achieve a saturated brine, solution (approxinlately 26 percent salt by wei^t). Both the solid ^ 
salt stofage and salt solutidn aje. cpntained in lixators which ait-^fitted ' with a brine 
collection -system and a brine" level control system; .Delivery of the solar-type salt to the 



lixators 
• lixators td? 



is by 22 ton (19.95 metric tons) dump trucks. The brine is pumped from the 
td^a brine treatment system, consisting of successive addition ancLmixing of^caustic 
'TOda (NaOH) and soda ash *(Na2C03) followed -by settling to precipitate' calcium ^ancT 
.^agae'sium. The brine js then filtered through'a rapid sand filter and a cartridge filter to 
remove suspended solids and pumped to*" storage. Storage for a one-day supply of treated , 
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FIGURE 9-23 



MEMBRANE GELL USED FOR HYPOCHLORITE PRODUCTION 
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brine is providixl, TliL^^oiiect current solirce required by the membrane .ct/l'ls; is provided'by a 
solid state rectrfier, with side-mounted controls. Safety features in the control pmfel include 
automatic sliiitdown in case of high reactor tempw/ture, high DC voltages, blower failure,. 
% high or (ow DQ^current. The hydrogen from the electrolytic cells can be either (1) 
diluted with air as.fit is formed to maintain a hydrogen concentration of lets than 0.25 
percent by volume, the explosive limit,lor(2) compressed and piped, to the solids processing 
building for use as a fuel. Sodium hypochlorite leaves the rea^:tors by .gravity flow to pumps 
from^whicli it is sent to storage. - ^ _ ' 

« " '■ 

The breakpoint reaction is.HCcomplished by adding a sodiuin hypochloritCMSoiution to the 
wastewater at a dosage slightly in excess pf the stoichiometric requirement.for oxidation of 
the ammoi;iia nitrogen to gaseous nitrbgen. Figure 9-25 illustrates the design of the system 
and Table 9-26 presents the dc\sign criteria. Filter effluent flow.s by gravity to the breakpoint 
chlorination reactors. 
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FIGURE 9-24 - ; 
^OVERALL SYSTEM-USING MEMBRANE CELLS FOR HYPOCHLORITE PRODUCTION 
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The wastewater first, passes through two in-line' mechanical mixers in series. The sodium 
hypochlorite is added to tlie first mixer along with sodium hydroxide if needed for pH 
adjustment. The second mixer is provided forypr'otection if the first mixer malfunctions. The 
second mixer is normally operated to provideNthorough mixjng. The mixer was sized so^that 
a single mi'xer would provide violent mixini (G = 1,COO sec"-') to insure instant' and 
complete mixing of the hypochlorite and tTie wastewater. . 

Wastewater then flows to breakpoint reactors (dosed concrete tanks) where it is air mixed 
to complete the chemical reaction and where 30 minutes contact time for disinfection is 
pf(5vfded. Flow is distributed over the first half of the length of each basin through a 
multiport header. Distribution of flow in thfe manner minimizes 'the decrease in pH caused 
by the reaction *of sodium hypochlorite with ammQnia nitrogen (by avoiding a single point 
of i'njectipn into the basin of the wastewater-hypochlorite mixture) and thereby minimizes 
'the formation of nitrogen trichloride. Air is diffused into the wastewater over the bottom of 
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TABLE 9-25 

DESIGN CRITERIA FOR HYPOCHLORITE PRODUCTION 
- FACiLltY AT THE MONTGOMERY COUNTY FACILITY 



•^i/era^e dry weather flow 

^fodium chloride s.torage and treatment ' 

1 . NaCl required @ BO ton/day Ci2 production^ 
• 2 . Salt storage 

Liquid level 
♦ Storage capacity 

Maximum saturated brine production 
2 7 Type of salt used • . 

.4. Brine treatmen't system 

A. Soda ash requirements 
3 minute rapid mfx 

B. NaOH requirements 

3 minute rapid mix, 3 hour settlinig ' 

C. Rapid sand filters and cartridge filtration 

follows settling 

5. Treated brine storage, fiberglass tanks^ 

» 6. Truck delivery ^ 

7 trucks/day/5 day week - . ^ 
Sodium hypochlorite generators 
1., Generating capacity 

2. Modules required @ 3.3 tons each 

On line 
Redundant 

3. Rectifiers required ^ 

t4. Power required ,^ 
5.. Building required „ ' 

Builder provide? for housing, modules, and rectifiers. 
Monorail with 5 ton capacity provided for cell stack 
maintenance. 

Rectifiers separated from modules by a glass wall to 
prevent corrosiorf . 

6. Generator module dimensions 

7. "Rectifier dimensions * 
^ Sodium hypochlorite storage 

1 . Storage sized to provide 1 day storage for power qptage 

plus storage for 7 days @ 90 mrjd (3,94 m^/sec) 
2. Storage capacity 



60 mgd (2.63 m^/sec) 

105 tons/day (95.2 metric tons/day) 

4 @ 22 ft X 33 ft X 18 ft (6.7 m X 10.1 m X 5.5 m) 
1 ;.470 tons (1333 metric tons) 
60 gpm (3.8 l/sec) each (min.) 
Solar 



450 lb/day (204 Kg/day) . 
3 ft X 3 ft X 3 ft swd (0.91 m X 0.91 jn X 0.91 m) 

360 llj/day (163 Kg/day) 
3 ft X 3 ft X 3 ft swd (0.91 m x 0.91 m x 0.91 m) 



6 @ 12 ft X 12 ft (3.66 m x 3.£6 m) 
16,000 gal each (60,560 1) 
22 tons/load (49.95 metric tons) 



60 tons/day (54.4 metric tons) 
20 ■ 
18 
2 
7 

10,000 KVA 

87 ft X 96 ft X 20 ft (2G.5 m x 39.2 m x 6.1 m) 



4 ft X 16 ft X 8 ft (1 .2 m X 4 .9 m X 2.4 m) 
4' ft X 6 ft X 8 ft (1 .2 m X 1 .8 m X 2 .4 m) 



700.000 gal" (2650 m^) 
230 tons equivalent (209 metric tons) - 
6-1 1 7,000 gal ground level tanks (443 m^) 
6-30 ft X 22 ft tanks (9.1 m x 6.7 m) 



Assumes 90 percent utilization ^ ^ 

^Each tank will provide 4 hours storage at full production , « . 

the second half of the basin. to strip any nitrogen trichloride from solution. Additional air 
may be introduced in the space between the liquid surface and. the -basin cover to further 
dilute any nitrogen tricliloride that might be presSrtt to prevent the development of an 
explosive concentration that occurs at 0.5 percent by volume. The diffusion of air into the 
breakpoint reactor contents also strips gaseous nitrogen and carbpn dioxide from solution. 
The l3:tter will result in a (ies;ifable increasein pH. 

i. * *■ . ■ 

Exhaust gases from the rea^tors^re recirculated to provide mixing with some oT the gas bled 

off to the recakining furnace .Nfor thermal decomposition of the nitrogen trichloride. The 

alkaline, environment in the recalcining furnace will avoid discharge of hydrochloric acid 

(HCIj to the atmosphere that might otherwise occur. ' . ' * 
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FIGURE 9-25 



SCHEMATIC OF'MONTGOMERY'COUNTY, MARYLAND 
" BREAKPOINT CHLORINATION PROCESS 
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TABLE 9-26 



BREAKPOINT CHLORINATION DESIGN CRITERIA 
FOR THE MONTGOMERY ..COUNTY FACILITY 



Average dry weather flow 
In-Une mixers 

1 . Lines normdlly in service 

2. Lines normally on stondby 

3 . In-Une mixers 

Size 

I - Mixers per line 
HP 

G ■ ■ . 
Flow f/ite through mixer with 5 irj service 
Averaije 
« Maximum 
Peak tn^Uant " 



•1. 



60 nigd (2.63 m^/sec) 

" :^ 5,3 ft dia. (91 .-1 cm) influent linos 
. . -1 

: : ■ 3b in. (91 .4'cm) 

2 (in series) 
3 HP/Mixer (2.2 3 Kw). 6 MP/Lino (4 .-16 Kw) 
1000 sec"' 



-1 



12 .rtl mqd (0.56 m^/sec) 
19.21 mgd (0.84 m^/scc) 
21 .34 nigd (0.9 3 m^/sec) 



Chemical feed 
1. NaOCl 



service 
Total feed rate per basin 



2. NaOH^ 

Feed (yJ 20'X' NaOH with 5 units in service (total) 



3. Feed rates based on: 
Influent NIl,j-N 
C|2 : NHI^N 
• Reaction basins and air mixing 

1. Basins'^normally in service^ 

2. Basins normally on standby 

3. Basifi dimensions 

Volume 
■1. Theoretical mix time 



Diffuser air requirements 
. Total 

Per basir. . 
Air headers and diffusers 

Main headers 



Cross headers 
Diffusers 

Blowers 

Normally ir: service 

Normally on standby 

Capacity 

HP- 
Inlet diffuser 

Diameter 

Material "". 

Length 

Inlet ports 



/ 



210.000 gpd 90 mgd (552 1/min ('^ 3 .94 m /sec) 
32.!") gpm (§: 100 mgd (12 3"l/min (^4.38 m^/sec) 
30.0 gpm ^ 90 mgd (113 l7nun (9^ 3.94 m^/sec) 
20.0 gpm ^ 60 mgd (75.7 1/min (i^} 2.63 m^/j^ec) 



52 mg/i max 



3z my/ 1 max . 
5500 gpd ^ 90 mgd (a- avg. . 
21 .000 gpd @ 100 iv.gd maximum- (55 1/: 



1 5 mg/l average 

//no alkalinity 
" ' ' 1/min 3.94 mVsec) 

4 :3}i m Vsec) 



(14. 



1H.7 mg/l 
10:1 by weight 

5 

' 1 • 

20 ft X 120 ft X 15 ft swd (6 . 1 m x 36 . 6 m x 4 . 6 m) 
36.000 gal (136 m^) 
5'basins in service 
, ' 30 min average flow ' * . . 

20 min @ max . flow 
30 scfm/1.^00 cu ft (30.3 l/m"^) 
5.400 3cim (130 rri /ruin) - Z bdsiiib iii service 
1 .090 scfm (30- m^/riin) 

2 (one at dach end) 8 in. dia; (20.3 cm) 1 
540 scfm normal (15 m^/min) 
1.080 scfm max. (30.m^/min) 
24. 2.5 in. dia. (6.4 cm) 455 scfm (12 .6 m^/min) normal 
90 scfm max. (2.5 m^/min) 
11 /header. 2 64/basin. 2 ft (0 . 61 m) O . C . on cross headers. 
4.1 scfm (O.U m^/mifi) normal . 8.2 scfm max. (0.-22 m^/min) 

3.000 cfm (85,m3/mln) (i'v 8 psi (0.60 kgf/cm^) ea. 
* 150 HP each (112 Kw) ^ , -."^ 

' ' ■ 1^ ■].: 

48 in. (121 .9 cm). ' 

FRP ^\ ■ - . 

42 ft b in. (12 . 95 m) ' 
B {ii\3 ft 0 in. (0.9 .m) O.C. ' - ' 



NaOH needed only when alkalinity is 150 mg/l and no air stripping. 
^'Basins covered to contain product gases and lined' v/ith corro'slon protection membrane to 1 ft (30.5 cm) below wator surface. 



c 
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The breakpoint process is controlled by pacing the sodium hypochlorite feed rate to the 
influent flow and influent ammonia nitrogen concentration/The pH is also monitored and 
controls the addition, when necessary, of sodium hydroxide to maintain an optimum pH for 
the breakpoint reaction. ' 

Ammonia nitrogen in tl^e breakpoint effluent is monitored to determine efriciency of the 
process. Free and combined chlorine residuals ahd pH are also cgptinuously monitored in 
;!breakpoint reactor efffuent. ^ 

astm^^^^ <^^M^.^9f ^he Montgomery County facility are. shown in Table 9-27. The 
.hypochlbrttfe^.,:^^^^^ facility will also provide hypochlorite for uses other than 

breakpoiritVa^thou*^^^^ cost has been shown for the breakpoint process. As noted in 

Txible'^9it7,,:.\^c- \^ liberated in the breakpoint •pxdcess has a potential value of 

*$ fo:^Qf^i\:^^^^^^ collected and uS^d^as'^i^iel. 



ESTIMATED COSTS OF BREAKPOINT CHLORINATION 
AT THE MONTGOMERY COUNTY PLANT 



Capital » r 




Breakpoint reaction basins 

Operations building (including off-gas 
treatment and blowers) 

Hypochlorite* plant . 

Storage • 
Generation " w;' j 
Salt dissolution / 


. $2,300,000 

565,000 

• 817,000 
3,780,000 
. .705,000 


■ Total ' ' i 


$8,16.7,000 


"■ \ i ■ ' ' b 

operation and rrv^intenance 
■ Pov^er V, 

Hypochlorite production: 
' Mixing, stripping 
Salt . ■ - 

Labor . 


$ 26 . 20/mil gal 
18.00 
2'5.20 
12.60 


Subtotal * 


$ 82.00 {$0,022/m^) 


Amortized capital, $B, 167, 000, 20 years 
@ 7% @ 60 mgd 


35.20 {$0.0i)9/m3) 
$ 177 .20 {$Q.031/m^) 







Not including contingencies aiid engineering 
'December, 1974 cost levels'* 



9-69 



ii3 



. 9.5.4 Case Examples of Selective Ion Excharlge for Nitrogen Removal 

Two examples of the incorporation of ion exchange into wastewater treatment plant layouts 
are .presented in this section. In the case example for Upper Occoquan Sewage Authority, 
ion exchange is used in a tertiary treatment step following biological treatment. The 
objective of this plant is to. meet an effluent 'limitation ♦of i mg/1 total nitrogen. In the 
Rosemont case, ion exchange is used in a pljysical-chemical flowsheet to meet an effluent 
limitation of 1 mg/1 ammonia nitrogen. 

9.5.4. 1 Upper Occoquan Sewage Authority, Va. , 

This new regional plant now under construction wiir"Yeplace 1 1 small secondary plants 
which discharge into tributariesyof a water supply reservoir which serves as the raw Nvater 
source fdx. water treatment plants serving ^^bout^500,000 people in? the Virginia suburbs of 
Washington, \D.Gi. Information about the water reuse aspects of the project-i$ available in 
"reference" 49. The effluent eventually reach^es a. water supply*reservoir in which nrtto^en is 
■ toelieved to be one of the prriicipal eutrophication fac|^s. The effluent standards af^ shawn. 
:^t)'elow: * '^ '^i' 



Parameter - . . / 


Value 


BOD5, mg/1 


1.0 - 


COD, mg/1 . 


10.0 


Suspended solids 


Unmeasurable 


Phosphorous, mg/1 


. OA ' , ' 


Methylene Blue Active Subsfbnces - ; ■ 




(MBAS), mg/1 :'. 


OA " ■ ' . 


Turbidity, JTU 


0.4 


Coliforms, total/100. ml 


.2 . 


Nitrogen, total 


1.0 m g/1 



The. main processes which are included in this plant are shown in Figure 9-26. 

The initial plant capacity will be 22.5 mgd (0.99 m^/sec), although an initial daily capacity 
of 10.9 mgd (0.48 m^/sec) is all that will be initially certified by the State of Virginia so as 
to provide^lOO percent complete; backup facilities in the initial operation. Provisions are 
included "jn the Virginia State Water Control Board regulatory policy tq increase the rated 
capacity to 15.0 mgd (0.66 m^/sec) after a one year satisfactqjy demonstration period. 
Backup facilities would then constitute approximately 50 percent Of the rated capacity. 

The methods of nitrogen removal of biological, ammonia strapping, and' breakpoint 
chlorination were evaluated before selection of the selective ion exchange process. This 
process was selected primarily because of its inherent reliability and efficiency and the 
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FIGURE 9-26 

FLOW DIAGRAM - UPPER OCCOQUAN SEWAGE AUTHORITY PLANT (VIRGINIA) 
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minimal effect, on total dissolved, s^oli^s (IDS); The selective ion exchange process' was: 
locatcd/after -th^^ carbon columns t^^take', advantage of the available; head remaining after-, 
pumping through the pressure tarbon columns. Also, as a^i incidciitdl benefit of this process 
sequence, the clinoptilolite will serve as a final polishing filter to remove the^small ainount 
of carbon fine^ or other suspended solids which may; bef present in the carbon ' column 
effluent. . ' 

Carbon fines and other solids trapped in the clinoptilolite bed are removed by bacJcwashin©^^ 
before the regeneration cycle. These backwash wastes will be returned to the treatment 
process, typically .to the chemical coagulation process where these solids will be removed in- 
the precipitation- process and be trapped in the chemical sludge. # 

The selective ion exchange regenerant recovery ,was initially planned to be accomplished by 
breakpoint chlorination of the ammonium using electrolytic cells (see Chapter 7). A delay in 
the project of about one year occurred following final design while awaiting the project 
funding to develop. During this period, the ammonia removal and recovery process (ARRP) 
described in Sections 7.3.3.2 aiVd 8.4.1 was developed by the design engineers. Based on 
pilot plant results, it was concluded that the annual operating cost for the plant could bt: 
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reduced by $375,000 at a flow of 15 mfed (0f66 m3./sec) ($0.07/1 ,000 gal or $0.18/m3). In 
addition, (he electrical energy re^^l^njment, wdu'ld be only 10 percent of the electrolytic cell 
breakpoinif'*chlorination process li&eds. Also, a' byproduct would be obtained in the form of 
ammonium sulfate, a commpn chemical fertilize^;:^^ B^j^^j on this information,^}the 
Authority authorized' a redesign of the regeneration facilities tb inlBirporate the ARRP 
process. The (;o;(lpVing, paragraphs -describer^^.the full-scale ion bxfehange and regcnerant 
,^recovery facilities. ^ ' ' 

Eight ion exchange beds operate in parallel and are separated into two independent trains, 
each with .four beds and a common manifold. Each bed is a hoi^/^^ontal steel pressure vessel, 
10 ft (3.05 m) in diameter by 50 ft ( 15, ^W^^^ ft ( 1.2 m) deep bed . 

of clinoptilolite (see Figures 9-27 .^ah^' '^-SS^^^^ panillel train is completely 

jri'dcpendent;,^^^ instrumentation ^and control, '-^nd electrical supply. In 

• 'addition, certain backup:facOities, are available in each train such as key instrumentation and 
' control.^Such measures werp necessary to conform to the design: .policy.:rp 
established by the Virginia^Sfate^Water Control Board. ' ' y,-.. ^- ■ 

Table 9-28 is a summary ' of Jhv :design criteria for the -ion exchange priocess at the future 
anticipated rating of 15 mgd.(."0;6"6 m^/sec). The system will be entirely automated using' 
automatic valves in a manner similar to most larger water treatment plant filtration facilities. 
Regeneration will be initiated vbither on a run time basis, volume 'throughput basis, or 
•mamially. Ba^^ will ^e. done before each regeneration. Backwash water will ^e;' 

;:retumed to the waste water 'processy'ty.p^ to the chemical coagulation process, or to thc^ 
plant head works. - . * / . ^ 



TABLE 9-28 

DESIGN CRITERIA SELECTIVE ION EXCHANGE PROCESS FOR AMMONIUM 
REMOVAL AT THE UPPER OCCOQUAN PLANT (VIRGINIA) 



Flow rate 
Beds In service 
Beds In regeneration 
.Beds - backup capacity 
Flow per- bed ' . 

Bed loading rate 

Backwash rate * 

Bed volumes to exhaustion 

Average ammonia removal efficiency 

Average influent ammonia nitrogen concentration 

Average effluent ammonia nitrogen concentration 

Normal concentration of ammonia' nitrogen at initiation 

of regeneration 
CUnoptilollte size 
iClinoptllolite depth' 



■15 mgd (0.66 m^/?ec) 

2 
2 

; 3.75 mgd (0.16 m^/sec) 
10.82 bed volumes/hr- 
5.25 gpm/sf (3.6 l/m^/sec) 
8 gpm/sf (5.4 l/m^/sec) 
145 

2U mg/1 A 
1 mg/1 

2 .5 mg/1 ■ 
20 X 50 mesh 
4 ft (1 .22 m) 
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FIGURE 9-27 



PLAN AND SECTION OF ION EXCHANGE BEDS AT UPPER OCCOQUAN PLANT 
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FIGURE 9-28 
ADDED DETAllis - IpN EXC^AnSe BEDsiTjqPf 
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The beds *ynfl be regenerated with' a 2 percent socUmD' chloride solution. Tht? regene^ration 
process Will be, that shown in Figure' 7-13 and as described in Section 7.3.3.2. The 
rege.nerailt recovery system consists of four 375,000 gallon (1420 m^) tanks, a regenerant 
pumping system and associated automatic valves, two 35-ft (10.7 m) diameter clarifiers for 
magnesium hydroxide removal, anc^JS ARRP modules. Figures 9-29 and 9-30 illustrate the 
ARRP 'modiile design. The ARRP units will be shop fabricated.^The basic tower units are 
12-ft (3.66 m) diameter fiberglass tanks. All materials will be fiberglass or PVC. Each tower 
has a 25 HP (18.6 kw) fan; The air rate is approximately 34,000 cfm/tower (952 m^/min) 
Hi an air to liquid rati6 of 566 ft^/gal (4. 1 5 m^/l). Tower air velocities are 300 fpm (91.4 
m/min). Knitted mesh . mist eliminators prevent moisture, carryover from tower to tower, 
yhe total system head loss is about 2.5-3.0 inches (6.4 cm - 7.6 x:m) of which about 1.5 

• inches (3.8 cm) is in the media. The media is 2-inch (5.1 cm) diameter polypropylene plastic 
packing (Tellerette). A summary of the regeneration system design criteria is shown in Table 

'9-29. X . - . 

: > .^"T'K FIGURE 9-29 - . ' . 

.PLAN VlfiW OF ARRP MODULE - UPPER OCCOQUAN PLANT 
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FIGURE 9-30 



SECTION OF ARRP MODULI - UPPER OCGOQUAN PLANT 
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•ElEGENEllATION AND REGI^NERANT RECOVERY SYSTEM DESIGN 
CRITERIA AT THE UPl^ER OCCOQUAN PLANT (VIRGINIA) 



Regeneration system^. ' ' \ ■ ■ ^ * ^ 

. ' Number of regene^^rtt t'^nks * » > • . ' . " . 4 » • * 

Size of each tank' ' v • • ' ; ^ ' • ♦ ; . 375,000 gals (1420 m^T- ... 

Number of beds regenerated at ojice ' - ^ a ..v ' \. V 2 / . 

Number of-regeneration cyclps per day 'I. ; .* " v ' , ' 3.5p 

: Regeneration fbed volumes . < * ' ■ 39-44 ' 

Regenerant recovery system^ ■ ' * »■ ^V^^ ' 

Recovery system flow rate " ' J, 0 • * ■ . ' ■ • 1 ,080^pm (68 1/sec) 

Operation time per day ^ 'V ^. ' • »»l6hr " . 

^ . ■ Clarifiers ^ ' " . - ^. ' * ' " ' ^ 

Number ot^nits, . ; . - .» ' . * 2 * ■ 

Diametep ' • ^ ' / - - >^ ; ' . 35ft(ia!66m) ' 

Overflow rate ■ • " .•• / " 800 gpd/sf (32.6 mVmVday)' 

Ammgnia^ removal and recovery, prolcess^ • - . * ' . ^ 

^ ' Number of ARRP mc^dufts'^' " ' ' 18 ' ' 

• Liquid" loading rate \ \- ' 760 gpd/s'f (31 ;1, m^/nrf/day^ 

Air to liquid-loadljjg rate ■ • . ' ^ . 566 cf/g^ (4234 m^/m^) 

Media height' . ^ • ; ■< ^ ; . . . ' '7;.5 ft. (2 .29 m) 

Removal efficiency at 10 C , ' ' 90% 

- • - .at 20 C ' V ■ ' ■ ^ . • , • - v^^^ ^ . ^ 



^At-i^* mgd flow rate 



The average anamoma-nitrogen concentTatibn from ion. exchange beds will be abojut one 
nig/L TTbe orjganic nkrogen is expected^ to be 0.5-0.8 ijig/1 an^the nitrate nitrogen is ^; 
expected to be from 0.1-0^2 mg/l..Tbus, the total nitrogen leaving. the ion exchange-process: 
will be about l :6-2«0 mg/J. .Since tlie discharge standard is l iO mg/f; additional nitrogen • 
removal is' necessary: This will be accomplished by brea^cpoint chlprinatiort of . the ion . 
exchahge pffluerit. A '.dc^j^e of approximately 8-1.0 mg/J. will i^Sult in nearly complete ' 
removal of ammonia nitrogen. The fiiJaL effluent is then expected to have a total nitrogen 
concentration of less than .l mg/1. - . . v ^ 

• ' • ■ . ■ ■ ■ ■ ■ • ■ ' ' ' 4 . . ' • ■ • 

The estimated eosts, are shown in Table 9-30. Singe' tlie initial constructed capacity of 22.5 
mgd (0.99 m^/sec) may be operated at no more thag l S n^d (0;66 m-^/sec) because of state 
tequii-ements for backup capacity, costs are shown on 'the basis oY operation of two^thirds of 
the constructed capacity and at the full constructed capacity, which wouhJ be the more* 
generally applic^able circumstance. The ujcome from sale of ammonium sulfate is based on 
the lowest wholesale^^^rice in effect at the time of this writing, $43/ton ($397metric ton). 
In some areas) the wholesale price iXas high as $65/ton ($59/me3tric ton). . ' * * 



. 9.5.4.2 Rosemount, Minnesota 



new 0.6 mgd (227J >cu.ra/day) plant operdted.by the Motropoytan Sewer Board '^^f the 
Twin \Ci ties $rea (Minneapolis-St.' Paul) provides ^dependent physical-chemical trcatmra^^ 
a municipal was'tewatpr.5 5 ^5 6 jj^g planfis the first 'full-scale physical-chemical plaat to be 



TABLE 9-30 



ESTIMATED COSTS OF SELECTIVE ION EXCHANGE 
AT THE UPPER OCCOQUAN PLA^t (VIRGINIA) 



Item 



Estimated costs, $/mil gal 



at 15 mgd 
(0.66 m^/sec) 



at 22 .5 mg(d 
(0.99 m^/sec) 



Operating and maintenance 

Chemicals 

NaOH «, 
N^l 

H2SO4 

Income from sale of (NtJ^)2 SO^@ $43/ton 
Net chemical cost 

Power, 18 IlP/mil gal @ $0,0192/kwh 

Labor 

Total, a & U ■ 

Capital^ * 

$4,470,000, 20 years (a) TTc 

Total annual cost^J ■ ^ 



$ 26.80 
7.10 
9.80 

$ 43.70 
$(12.60) 

31 .10 
6.90- 

17.70 
$ 55.70 



$ 77.22 

$132 .92 
($0.035/m^) 



$ 26.80 
7.10 
9 .8t) 

$ 43.70 
$ (12.60)' 
31 ."10 
6.90 
17 .70 
-$' 55.70 



$ 51 .59 

$107. 29 

($0.027/m 



August, 1974 costs 



placed in operation in the U.S. v\ schematic of the process is shown in Figure 9-31. The 
entire phint is enclosed in •a single 14,500 sq ft (1347 m2) steel building. Final effluent 
standards are as follows: a 



Parameter 

BOD5, mgl\ 
Stfspcndecl solids, mg/I 

a:OD, mg/\ 

AiTimonia Nitrofien, m>i;/l 
F^hosphoriis, total (P), 



Value 

10 
10 
10 
!. 

I 

8.5 



9-78 



I FIGURE 9-31. . • ' . 

Schematic of rosemount, Minnesota plant 
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Selective i(4n cxelianae is ;rt:complif ed by clinopt»olite 2 doNyillow columns in 
series, each containing a 6-it (1.82 m) depth of clinoptilolite. When the ammonia-nitrogen 
reaches 1 ms/1 in the eflliient from the polishing column, the ICad coknnii is removed from 
service and regenerated (upllow) and the third column plac«d on line. Th| steam prpcess 
discussed in Section 7.3.3.3 is used for clinoptilol|^te regeiieralion and ammonia recovery. 
Brine is stored at 77 C: and is cooled to 27 C while passii^J through a heat exchangtir on the 
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way to the column. The waste brine leaving the cdlumri is passed througfi the other 'side of 
the heat exchanger to efevate its temperaty*«Ao 71 C before entering the stripping rirocess. 
Brine tempcfature in the storage tanj^s^n trolled by steam supplied to internally mounted 
coils. Waste brine is collected in a mixed storage tank before being stripped. Soda ash is 
added to the storage tank to elevate, the pH to 12, which results in the precipitation of 
calcium carbonate and magnesium hydroxide.' Mixing is discontinued 20 . minutes after the 
,pH has reached 12 t® allow these precipitates to settle. The sludge is then puHTped, from the 
bottom of the~v\iaste brine storage tank. The waste brine is then .pum^S to the steam 
stripper.at a rate of 53 gpm (3.34 1/sec) and a steam flow of 3000ib/hrf 1498 kg/hr). The 
J^lrippcT. operates at an equilibrium temperature of 104 C and the. c6ndensor a{ 38 C- The 
time required for a stripping/reclaiming 'operation is about 5 hr. Design criteria are 
summarized in Table 9-31. The plant was in the start-up phase at the time of this writing 
and no operating data were available. - 



TABLE 9-31 

R0SEMQ4JNT (MINNESOTA) ION EXCHANGE DESIGN CRITERIA 




o ttains. of 3> 



Ammonium exchange col 
^ Loa'ding rate^ 

Clinoptilolite capacity 
• * per unit volume 

per column >^. ' 

Ammonia nitrogen loading rate 
Ammonia removal 
Clinoptilolite depth per column 
Clinopniolite size * 
Normal operation 
Backwash rate 
Regeneration system * 
Brine solution to columns^ 
Hydraulic application rate 
Volume 

Strength • , / 

Temperature 

Brine solution regeneration 
• Regeneration cycle length 

Hydraulic loading rate to steam stripping tower 

Tower depth 

Caustic Goda added 
Bed rinse'^ 

Ririse rate ■ • * 

f Time . ^ 

Ammonia recovery 

Aqueous ammonia stre.ngth 

Aqueous ammonia volume 
Ammonia stripper 

Steam ((i> 1 0 psig 

Throughput * ■ 

Size ^ diameter 
height 



4.2 gpm/sf {ITbs l/m^/sec), 5.6 BVAr 

^ 0.3 Ib/cu ft (4.86 kg/m^) 
^ 90 lb (40.8 kg) 

^0 lb/day (22.7 kg/day) 
. ^ 95% 

6 ft (1 .83 m)' 
20 X 50 mesh 
2 columns in series, 250 BV/cycle 
8 gpm/sf (5.43 l/m^/sec) 



2.0. gpm/sf (1 .36 1/mVsec) 
, 4 .5 BV 
69^ NaCl 
71 C 
11 

5 hr 

7 gpm/.sf (4.75 1/mVsec) 
24 ft (7.3 m) 
'3 lb/lb NH;f-N 

300 gpm (18,9 1/sec) 
70 min 

1% 

1 ,000 gpd (3,785 Ipd) 

3,300 Ib/hr (1 ,498 kg/hrl 
53 gpm (3.34 1/sec) ^ 
3 ft (0.91 m) 
18 ft/(5.5 m) 



Uownflo^ ■ 
^Upflow 

Tl-j-vatod with f:auj;Mc ^lodo 
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9.5.5 Case Examples of Air Stripping for Nitrogen Removal 



Two plants which utilize air stripping for nitrogen removal are described in this section. 
Both of these, South Lake TaHoe and Orange County, use the biological-tertiary approach in | 
which ammonia stripping Is used after biological treatment. At Tahoe,^ nitrogen removal is 
incorporated on an experimental basis, as no nitrogen removal requirement exists. At the 
'Orange County Water District plant, nitrogen is removed to permit recharge of groundwater. 

9.5.5.1 Sou^h Lake Tahoe, California ^ ' , , 

At South Tahoe an experimental full-scale ammonia stripping tower buiU to handle half of 
the total plant design flow of 7.5 mgd (D.33 m^/sec) hasT^een operated on an intermittent 
basis since 1969. '3,57,58,59 j^ja^t fjow sheet is shown in Figure 9-3. The stripping 
process was installed at South Lake Tahoe as an EPA research and demonstration 
installation and not as the result of any requirement to remove nitrogen from the plant 
effluent. In the absence of any need for full time operation, the purposes of this stripping 
tower have included: (1) demonstration of full-scale tower efficiencies as compared to pilot 
plant test results; (2) determination of cold weather operating limitations and other 
operating problems with investigation of solutions to these problems and (3) collection of 
data for design purposes for future expansion of this process to full plant design capacity as 
well as for use in planning similar facilities at other locations. The large tower capability to 
remove ammonia almost exactly duplicates the results of pilot plant operation, reaching 95 ^ 
percent removal in warm weather. The cold weather operating limitations and recommended 
tower design improvements have been determined as discussed in Chapter 8. The new design 
criteria obtained from operating the tower have already been used to prepare plans for 
stripping towers to treat wastewaters at Orange County, Califomia^O and the operating 
experience has also provided the direction and the basis for expansion of the Tahoe nitrogen 
removal facilities' to meet anticipated future requirements for nitrogen removal. As disQussed 
later in this section and in Section 8.5, the original packed tower system has recent^ been 
modified to provide year round, full-scale nitrogen removal. . 

The design data for the original packed tower are giv|n i^i'Tajble 9^32. It is a crossflow 
cooling type tower modified for ammonia stripping. The'^vei^ll^imen^ions of the towen.are 
32 ft (9.75 m) X 64 ft (19.5 m) x 47 ft (14.3 m) high, vl^^ter, at pH 11 , was pumped to the 
top of the tower by either or botgm two constant-speed pumps. These pumps were 
backflushed two or three times daili^pTO; minimize buildup. of calcium carbonate scale in the 
pump units. Wh^n the plant inflov^^s less than the rate at' which the pumps were deUvering 
water to the tower, some water wa^.^recycled from the tower 'effluent back to the pump 
suction well. This avoided the need foVvariable speed pump control, and at the same time 
provided some recirculation through jthe tower, which improved ammonia removal. At the 
top of the tower, the influent water entered a covered distribution box and overflowed to a 
distribution basin. The distribution basin is a flat deck with a series of holes fitted with 
plastic nozzles. Further distributidti : of the inflow was provided by, diffusion decks 
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^ iminediutcly below the, distribution basin. Three other cHtTusion decks were provided at 6 ft 
(i.82 m) vertic:^l -i|it^P>:,;,ls in the fill. The tower fill provided, theoretically. 215 successive- 
droplet formations as the water passed-down through the tower. The tower effluent fell into 
a concrete collection basin which also formed the base for the tovuej structure Fro^the 
collection basin, the tower effluent passed through a Parshall measuring Hume into the 
first-stage recarbonation chamber, where excess pumpage returned through a Hap gate into 
the tower pump sump to recirculate through the tower 



TABLE 9-32 



DESIGN DATA, AMMONIA STRIPPING TOWER 
AT SOUTH LAKE TAHOE, CALIFORNIA 



Nominal capacity; 3.75 m^d (0.164 m^/sec) 
Type: " . 



Fill: 



Air flow; 



Cross- flow with central air plenum and vertical air discharge 
through fan cylinder-' at top of tower 

Plan area, 900 sq-^ft (83.6 m^) 
Height, 24 ft (7,3 m) 
Splash bars; 

■ Material, rough sawn treated hemlock, size , 
3/8 in. X 1-1/2 in, ^(0.95 cm x 3 .'8 cm) 
"spacing, vertical 1.33 in. (-3.37 cm) 
horizontal 2 in. (5.08 cm). 

Fan, «> two-speed, reversible, 24-ft diameter, horizontal 





.Water rate 


_ Air rate 




gpm- 


gpm./sf 


cfm 


cf/gal 




(1/sec) V 


(1/m^/sec) 


(m /min)' 


. (mVm^) 




1,350, 


l';0 


750,000 ■ 


550- ' ' 


•a 


(85) 


(0.-68) 


, (21,000) 


'(4,115) 




r,8-oo 


^.0 ' 


700,000 - 


390 




(114) 


(1.36)' 


\ (13,600). 


(2,918) 




. 2,700 


3.0 


'62'5,"000 


•230^ 




(170) 


(2.0^) 


(17,500) 


(*1,72 0) . 



Tower structure; ? redwood *s 

Tower enclosure: conjugated cement "asbestos 

Air pressure drop: 1/2 in. of water at 1 gpm/sff 

' ■ (1 .27'cm @, 0'.68 1/mVsec)/ ^ 
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Air entered the tower' through side louvers^ passed horizontally through the tower fill and 
drift eliminators (or air flow equalizers), and entered a central plenum. At the top center of 
the plenum is a 24 ft (7.3 m) diameter, six-.bladed, horizontal fan. Fan blades. and fan 
cylinder are botKmade of glass-reinforced polyester. The faw takes suction from the 'plenumj^ 
and discharges to the atmosphere through the fan cylinder, Thfe.fah ma^mum capacity' 
of about 750,000 cfm (21,000 m^/min). It is equipped with'a two-speed reversible 75 HP 
(56 kw) mo-tor. ^ 



The limitations of the packed tower at Tahoe are caused by the cold winter temperatures 
ancl the scaling of the tower packing. Because the scaling problem was not anticipated from 
the pilot studies, the access to the tower packing needed to remove the scale with vster jets 
was not provided. As a result, portions of the original hemlock packing became hopelessly 
fouled with-calcium carbonate scale, thereby decreasing effective ^ower packing area. 

The costs of the operation of the packed tower at Tahoe at a 2 gpm/sq ft (1.36 l/m^/sec) 
rate as estimated for a 7.5 mgd (0.33 m-^/sec) scale for continuous operation are listed in 
Table. 9-33. Operating labor included backflushing of toweF puimps and cleaning the 
distribution deck to remove CaC03 precipitatioii^^^ocess inspection, lubrication,, and daily 
determination of tower ammonia removal effici 
cleaning tower fill. 



Because of the cold weather limitations ot 
the reduced efficiency of the existing tower 
program was initiated at. the South Lake 
techniques which could be applied to the fu 
facilities as pcssible. Although there are n 
nitrogen removal for exported wa^stes, future 




ce^osts reflect the cos^ of 



hereht to the Talioe location and 
of the towof packing, a research 
to develop alternate, low-cost ^ 
ile using as much of the existir 
;gulatory agency requirements .1 
nts for effluent reuse or di.^pc 
'gen .removal. At the current tinli 




the Lake Tahoe basin will probably include 

States of California and Nevada jequire that alTjv^steWaJers, regardless of the dfei 
treatment be exported from the Lt^^^Tahoe basin". The South Tahoe effluent is exp 
Alpine County, California where itWused to forty the 1 billion gallon (3.785 bjllio: 
Indii7rr*Cr^fek Reservoir.^^ An excellent \rout fishery has been established in thisl^ecre 
reservoir anfl it is necessary to control pH and ammonia concentrations t 
toxicity. Thus, anticipated future^gulatory ^jgency requirements and current 
, practices required that a system for full-scale pitrogen removal be developed 
Lake Tahoe plant. 

Ifv^tedt^b^ observations of ammonia rele:is|| from holding. ponds in Israel,^' 
undertaken at^T^^e to improve the release of ammonia from- the higEpH 
rSijolts led 4o th^i following three steps being applied to a full-scale ni^dification of the 
Tahoe^^^stemr^^ * 

, ■ \ : 

d 1.'^ Holding in high pH ponds (with surface agitation in one pq 




research was 
effluent. The 




^ Stripping in a modified crossflow forced towor through air sprays installed 
in the tower. . ' 



in the tower. 
3. Breakpoint chlorination 
Design data are given in Table 9-34 and the en 



■■'4 



tjfe system is depicted in Figure 8-9. Because 
ammonia removals by stripping vary so much with telnperature, and since low temperatures, 
highi ammonia concentrations, and high flow.s h^ver occur simuit^ntd^sly at this location, 
design data are presented for two sets of con^»tiolR^which are expected to occur: low flow 
(2.5 mgd or 0.1 1 m^/sec), low water tempcra^ur^^-C), and loWpmonia content; and high 
flow (7.5 mgd or 0.33 m^/sec), high water ^tfni^ifcratyre (22 C>,^d high ammonia content 

OPERATING COSTS FOR AMMONIAStRfTPPING FOR 



Operating cost per day^ 




1 - 


Electricity^ 




60.78 


Operating labor * 




4.63'^' 


Maintenance labor 




5.17 ' ^ 


Repair material 




.78 


Instrument maintenance 


■ % 


■.94- 


Total operating cost 




72,30 




. i \ 




Total|cost per mil gal^ 

J 


• / 


$/mil qal 


Oijerating 




9.64 


• Capital 


% 


8.00 


Total 

^ 


17.64 



1970 dollars 



f Average cost per day at 7.5 mgd from'lO months of continuous operation , i .e . , 
May, 1969, through September, 1970. . 
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TABLE 9-34 



"DESIGN DATA AND ESTIMATED NITROGEN REMOVALS 
FOR ALL-WEATHER AMMONIA STRIPPING AT SOUTH TAHOE, CALIFORNIA 



- ■ - 


Flow 2 .5 mgd 
(0.11 m^/sec) 
Water Temp . 3 C 

NH3-N 


Flow 7.5 mgd 
(0.33 m^/sec)" 
. Water Temp. 22 C . 

NH3-N 


Description 


Estimated 
reduction, 
percent 


Remaining, 
mg/l 


Estimated" 
reduction,' 
percent 


Remainingr 
mg/1 


Influent, pH = 11 .0 








35 


Holding ponds 

Detention = 7 hr 
Detention = 18 hr 




i-;3,5 

■ i; 


^ 15 " 


30 


Air spraying in second pond 
Turnovers-'^ 4| 
Turnovers = 13^ 


30 


9.5 


28 


21 .5 


Stripping tower, air spraying with 
forced draft 
Recycle turnovers =1.6 
Recycle turnovers = 5 


42 


5.4 


23 


16 


Overall removal 


64 Y 




40 




NH3-N remaining to be removed by 
by breakpoint chlorination, mg/1 




'5.4 




16 


Chlorine required for brea'kpoint 
chlorination, lb/day ^ 

■ ?5 




1 ,130 




10,000. 



It is difricult to predict accurately 'the performance of the full-scale ponds and natural 
wind-vented sprays from the results of laboratory and pilot plant data, because the 
efficiency of ammonia removal by these methods depends to a great extent on the 
immediate removal of the released ammonia gas from the vicinity of the air-water interface. 
The efficiency of air sweeping in removing ammonia declines as the area of the ponds 
increases. In the absence of, full-scale plant data, the removal efficiencies obtained in the 
laboratory and pilot plant^^ were heavily discounted in estimating the performance of the 
full-scale plant shown in Table 9-34. The following paragraphs describe the modified Tahoe 
stripping process. ^ 
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*• The two higli 'pH ponds also serve' to equalize flow to the modified stripping tower and 
breakpoint facilities. This reduces ^lesign capacity requirements for these two process^^s and 
improve'^ their operating characteristics. The total surface area of these ponds is about 
64,X)00 sq ft (5946 m-). The water depth varies from 3.0 to 7.25 ft (0.9 m - 2.2 m). 
Detention time ranges from 7 hr, at 7.5 mgd (0.33 m^/sec) 'to' 18 hr at 2.5 mgd (O.I I ' 
m /sec). The second pond in the series is provided with surface agitatipn 'in order to increase 
the ammonia removal. The system of sujface agitation consists of sprinkling with 34 mgd 
(1.5 m-'Vsec) of recycled pond water through 2 pumps and a spray system consisting of 
about 75 vertical no/v.les each delivering about 320 gpm (20.1 1/set). At the 2.5 mgd (0.1 1 
m-'^/s-ec) plant flow, the spray system recycles the pond water 13 times, and at the 7.5 mgd 
(0.33 m-/sec) flow, 4 recycles occur. The spray noz/.loi are 4 in. x 2Vi\n. (10.2 cm x 6.35 
cm) female pipe reducOrs/each fitted with a IVi in. x IVz in. (6.35 cm x 3,8 cm) bushing, 
tach spray orofice is about 1-7/8 in. (4.8 cm) in diameter. No/.zles having interval vanes or 
other obstructions introduce air containing carbon dioxide to the water in the nozzle. This 
causes deposition and rapid buildup of calcium carbonate within the nozzle. Such nozzles 
are unsatisfactory because of the resulting plugging and flo\y restriction problems.'Only 
nozzles with unobstructed clear opening, and without jhterna! vanes, should be used. 

A major modification has been made to the*existihg stripping tower. The existing packing 
has been removed, and the entire area of the tower eciuipped with water sprays. The existing 
trays at the top of the tower distribute part of the How, and 4 nozzle ecjuipped headers in 
the bottom of the tower spray water upward into the tower. The pump capacity to the 
tower is 11.8 mgd (0.52 m^^/seci). At cold weather* plant How rates of 2.5 mgcl (0. 1 I 
m^/sec), this How will provide a recycle rate of 5 through the sprays in the Jower. The 
capacity and type of nozzle used in the tower is similar to the nozzles' used in the ponds.^ 
Based on plant scale tests of this spray system, with the ijiduced draft- fan operating at high 
speed, it is aij^icipated that at least 42 percent of the ammonia in the pond cfHuent will be 
removed in the tower under cold weather operating conditions. 

Chlorine may be added at two points in the process (Figure 8-9). The first point of 
application is in the primary recarbonation chamber at a pH of 11. 0. Only enough chlorine 
is added to reduce the pH to about 9.6, thus elimimiting the need for addition of carbon 
dioxide (CO2) at this point. About 65 mg/1 is required to reduce the pH from I 1.0 to 9.6. 
The balance of the chlorine needed to reach the breakpoint for complete ammonia removal 
is added in a chamber immediately downstream from the secondary recarbonation chamber. 
At times sufficient chlorine is added at this point to reduce the pH to 7.0 or le.ss, so that no. 
(:02 will be rc^cjuired. A dose of approximately 160 mg/l of chlorine is requiVed to reduce 
the pH from I I.O to 7.0. When the breakpoint is reached with a lesser dose of chlorine, then 
some CO2 must be added in the secondary stage of recarbl^iation to produce a pH of 7.0. 
About 10 mg/1 of chloriue is required for each mg/1 of NH4 N to reach bifakpoint. After 
breakpoint chlorination treatment, water from thc^^^allast pond is pumped to the existing 
filters and carbon columns. The carbon columns remove any excess chlorine. The modified 
Tahoe process was being placed in opecjitio^^^^ the time of this writing and* full-scale data 
are not yjet avaflable. * - - 
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9.5.5.2 Orange County Water District, California 



The Orange County Water District (OCWD) at Santa Ana, CaIiforriia.;has under construction 
a 15 mgd (0.66 m3/sec)<,wastewater reclamation plant and . a 3 nigd(0.13 m^/sec) seawater 
desalting plant at ^.the same site.^O ^e water from the tw^n^jplants will be blended and 
pumped \ni6 a;line,of injection wells which are locate,d on the lynd side of a line of seawater 
pumping wells to form a barrier against seawater.intrusion into the fresh water aquifer. 
- The injection systbm also serves to replenish the supply of groundwater available for use. . 
The OCWD water reclamafiitei^ plant will take 15 mgd (0.66 m^/sec) of trickling filter 
effluent from the/secondafy treatmeuit' plant of the Orange -County Sanitation District. It 
will be subjected to high linie treatment at pH of 1 1.0 and clarification in a basin equipped 
with settling tU;bes. The clarified high pH water wiLl be pumped to two countercurrq-nt 
ammonia stripping. -powers. In the climate at this location, freezing temperatures are not 
experienced; and wasjte heat frorti the de^plting plant operation will be used to heat the inlet 
air to .the stripping tci^wers for increased Vmmonia removal efficiency. The design also fully 
realizes scaling problems encountered elsewhere and incorporates provisions for scale 
control even thoi^gh scaling was not a problem in pilot tests at this site. . 

The plant is designed with two ammonia stripping/cooling towers each equipped with six 18' 
ft (5.49 m) diameter fans. An end section view of a tower is -shown in Figure 9-32 and an 
overall view is shown in Figure 9-33. The stripping sections are designed for a hydraulic 
loading of 1.0 gpm/ft- (0.68 l/m^/sec) and ah air fiow of 400 cu.ft/gal (2,990 m^/m^). The 
cooling sections are designed to cool the desalting process water and brines from 46-49 C to 
27-29 C and'Vill raise .the air temperature to the stripping section to 31-33 C. Splash-bar 
packing will be used for ammonia stripping and a film packing located in the air inlet plemim 
will be used for cooling. 




A prime , design criterion was that the ammonia stripping -packing be accessible and 
removable for cleaning because scaling of the packing might reduce air flow and ammonia 
removal efficiency. Provisions have beert made to feed a scale inhibiting polymer, if needed, 
to the tower influent, the warm saturated air exhausted from the cooling sections 
theoretically would permit the tower packing to be less than the design height of 25 ft (7.6 
m). Because during the first few years of operations the desalting plant will operate on an 
jntermittent basis, it was not considcfred prudent to reduce the packing depth. 

•The tower fill of packing, is made from ^z in. (1.27 cm) diameter Schedule 8'0 I^^VC pipe at 3 
in. (7.6 cm)' centers horizontally and with alternateiayers placed at riglit angles and atf*7 in. 
(5.1 cm)'Ccnters ve^ticall)#(see Figure 9-34). The fill was factory prefabricated ir modules 
which are about 6'* ft (1.82 m) by 6 ft (1.82 m) by 4 ft. (1.22 m) high. Each module is' 
jujpported withm its^own steel or fiberglass frame, so that it is easily removable if necessary 
for cleaning. An. overhead hoist and moveable dolly are provided to assist in packing removal 
for cleaning. However, the access corridors and the removable air baffie panels in the tower 
should make it possible to reach all of the fill in its normal operating position within the 
tower for hosing down to remove any excessive calcium carbonate scale which may form. 
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Based on the results of extensive pil6f;plant tests at the OCWD, it is expected that the 
towers will remove, more than 90 percent of the ammonia from the ^tvastewater The 
ammonia remaining, in .the tower effluent, will be removed by breakpoint chlorination using 
^about 10 m'g/1 of chlorine for each mg/l of ammonia nitrogen still present. No difficulty is 
anticipated in meeting the limits set by the regulatory agency of 1.0 mg/1 of ammonia- 
nitrogen in the injection water. The^Orange Cojjnty design offers an, example of a design 
with adequate scale control provisons incorporated. 

0 

. ■ " _ FIGURE 9-32 

ORANGE CO AMMONIA STRIPPING/COOLING TOWeR SECTIOSI . 



\ AIR OUTLET 




The estimated costs (1974 costs) <for the Orange Gounty ammonia-stripping towers are a$ 
follows: ' ' 

/ Capital \ $42/mil'gal^ 

Operating . S29/mil gal 

— _ ' ■' ■ . . • ^. 

Total • f $71/mil€al . . : 

These costs.are s/ubstantially higher than those reported for the,.Tahoe facility. The difference 
results from "the'' following factors: Orange County towers were designed at 1 gpm/ft^ (0.68 
l/m^/sec) loading rate while Tah'oe towers were' designed at 2 gpm/ft? (1.36 l/m^/see); 
extensive provisions for tower ^cleaning were- included at Orange County ; heat exchange 
facilities were included in the Orange County design but no credit taken in the tower design; 
Orange County costs were for 1 974 vs the 1 970 basis for the Tahoe costs. . 

'(^ FIGURE ,9-33 ^ . 

OVERALL VIE\y OF THE ORANGE COUNTY WATER DISTRICT (CALIF.) 
(DES>s^TING PLANT IS IN RIGHT BACKGROUND, CHEMICAL CLARIFIER IN 
: RIGHT FOREGROUND. NOTE WALL? AT BASE'OF TOWERS TO SHIELD . 

■ ^ NOISE AT AIR INLET.). ^ . • 
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Symbol 
A 

ADWF 

(a) 
B 

I 

BHP 
C 

C. ' 



m 



D. 



APPENDIX A 
GLOSSARY OF SYMBOLS 





^ fraction. pflsliftfgelfiitabinza 
/V^v'^'' V. , ^ required^ ^|jr^^caitidraceous / • 



brake horsepoWer ^ '--^ . , ; 

.■. ■ ■.1^,\k \(ract\6i^^ af.^:tQfar sludge W . conta'et, tank" •• " 
■^iwiKss dissolved oxygen level, rrtg/1. ■ ■ ■'i's. 



'■ V '-^^^^^^ deriitrf^er'biomass prodtj^OTlfenj mg/l" 



; \?5 ^ ~ required methan^ concentr'atipn, m^/l ■' ■ ; \ 
;■ oxy]^^aUi'ratio8 in waW at temperatur|||r, ' , * 



• coiicepifration of 
dispersion cQefficient 



iiitrgte riiWoge,n;>g|S|!|xiaL 
ient,sqj^^ 



innuemtNOj-N,mg/r''j^ ^.^ \ 

effluent NO~-N, mg/l 

mass 
mg/l 



V 



mass average influerit NQ~-N levijjgpver 2^>ih'r," 




A-1 ^ 
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Definition 

raassc^verage effluent NO^-N level over 24 hr, 
mg/1 • 

dissolved oxygen, mg/1 

vaerator rated oxygen* transfer efficiency at \ 
standard conditions, percent 

fo(5d to microorganism ratio 

nitrifier fraction of the mixed liquor. Solids; 
, fanning friction factor . / 



hydV|ulic'd«ei^bn time . 
jnventory^of VSS under aeration, 1^ 



/ 



selectivity coeffiUKit foi^^ti exchange equili- 
bna.. 

half saturaTiQ^j ^conjtafti- for mtv^^ mg/1 

-1 r\ 



"decay" coefficienty day 

half saturatj^n, c66stal|?fc for methanol, mg/1 
of methanol 



.iratj^n, co^sta^ for methanol, m 
anol -jf .vj> 



half saturation constant for oxidation of 
ammonia rAirogfe, mg/1 ^ 

half saturation c^stant for ^^)^^ nig/ 

, half saturation constant = subsfr^|^L ^ncentr 
tion'^ m^/1 at half the maximum gro\v4 rate 

■ \ 

tank' length, ft ^ j 

methanol concentration, mg/1 

jna^s of heterotrophs grown through oxidation 
%f organic carbon 



A-2 
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Symbol 

MLSS 

MLVSS 

MPN 

N 

N 

o 

N, 

N 

o. 

(NO-)^ 
(NO-)^ 
NOD 
NT 

"PDWF 
PWWF- 
Q 
Q. 

Qa 
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Definition 

mass of hitrifiers grown through oxidation of 
ammonia 

mixed Hquor suspended solids, mg/l 



mixed hquor volatile suspended solids, mg/l 



most probable^ number 
NI^^ -N concentration, mg/l 
TKN in the influent, mg/l 
NhJ -N in.the effluent, mg/l 
24 hr-average influent TKN, mg/l ^ 
24 hr-average effluent NH^-N, mg/l 
NO^ -N level in the contact tank, mg/l 
NO^-N level in the stabiHzation tank, mg/l. 
nitrogenous oxygen demand, mg/l 
ammonia nitrogen oxidized, lb/day 
peak dry weather flow 
peak wet weather flow- 
influent flow rate, mgd 
mean flow rate (ADWF), mgd 
air flo\^; cfm 

rate of substraite removal, lb BOD (or COD) 
removed/lb VSS/day 



Symbol 



w 



Definition 



nitrate rfemoval rate, lb NO~-N rem. /lb VSS/' 
day * 



D 



N 



'N 



N 



peak nitrate removal rate^ lb NO--N rem. /lb 
VSS/day ' 



ammonia oxidation rate, lb NH^-N oxidized/ 
lb VSS/day 



peak ammonia oxidation rate, lb' NH^-N 



oxidized/lb VSS/day 



nitrification rate, lb NH.-N oxidized/lb 
MLVSS/day 

peak nitrification rate, lb NH^-N oxidized/ 
lb MLVSS/day 



R 
S 

SCFM 
S 

o 

SF 

ss 

svi • 

TKN. 
At 



^ * 



•T^• 



recycle flow ratQ, mg4 

growth limiting substrate concentration, mg/l; 
total sludge wafted lb/day 

standard cubic^ per nftmite , 
influent total B(^l:or^D), mg/l 
effluent soluble |DD (or C0P)|'5mg/l 
safety factor . 
suspended solids, mg/l 

sludge volume index, ml/g 

■ ■ f 

temperature, degrees C " ' 

1 Total Kjeldahl Nitrogen . ^ 



v\ ' time increment 



A4 



A7 



6v ■ 



Symbol • Definition' ^ ' 

u mean displacement velocity, ft per hr 

V . . , volume of aeration tank or "reactor, 



• ' < " volume of contact tank, mil gal 

' . volume of stabilization tank, mil gal 

VSS ■ ' volatile suspended solids 

W ■ . ^ , . waste sludge flow rate, mgd; tank width, ft; 

^ total oxygen demand, mg/1; oxygen tran^- 

\ ferred under process conditions, lb/day 

oxygen transferred under standard conditions, 
. . lb/day 

X . a coefficient in oxygen transfer calculations 

X, . ; ^ " MLV§S, mg/1 * \\ ' • >^ 

X.^ . ^ • ' effluent VSS, mg/1 . 

X^ ' contact tank MLVSS, yig/l . " 

'X^ , stabilization tank MLVSS,^g/l 

X^ . .waste sludge VSS, mg/1 ' ^ ^ . 

Yj^ ' heterotrophic yield coefficient^ lb VSS grown 

^ per lb of substrate removed 

Yj^* , ' net yield of VSS of heterotrophs per unit of 

' carbon (BOD^ or COD) removed 

Yjj. denitrifiergrossyield,lb VSS^gtown/lb NO^-N 

' ' rem. 

Yp , p ■ ^ denitrifier net yield, lb VSS grown/lb NO^-N 

* \ rem. 



Definition . ' . 

organism yield coefficient, lb Nitrosomonas 
grown (VSS) per lb NH^-N removed 

selectivity coefficient for ion exchange equili- 
'bria ^ 

solids retention time, days 

solids retention time of design, days 

minimum Solids retention time, days, tor 
nitrification at given pH, T and DO 

growth rate of microorganism, day 

maximum growth rate of microorganism, 

'day 

net growth rate of heterotrophic ^population 

growth rate of nitrifiers in contact tank, day"' 
denitrifier .growth rate, day ' * 

•maximum denitrifier growth rate, day"'' 

design denitrifier growth rate, day"' 

Nitrosomon^^ rate, day"' 

peak Nitrosomonas growth rate, day"^ 

maximum possible nitrifier grbwth rate under 
environmental condition^^ of T, pH and DO, 
^ and N >> K^^ 

■ ^ 

growth rate of nitrifiers in stabilization tank, 
day , 



APPENDIX B 
METRIC EQUIVALENTS 

MKTKIC CONVKHSION TAHLKS 



Recoiiimt'nded i'nits 



Recommvndcd ( nits 



Oticription 
Lingth 









English 








. Un»! 


Symbol 


Comments 


E quivalenis 


Oescdwiion 


Unit 


3 y m bo 1 


mitef 




i|jwc SI unit ^ 


T[q 17 in I- 1 5fl (I : 


Velocity 












0 62 m! 


linear 


meter per 


m/s 


LI . • 


km 








second 




rfiillimf 1^ 


mm 




0.03937 in. 




millimeter 


mm/s 


CintimBtir 


cm 




0 39 37 in ■ ' 




per second 




miciorrictii _ 


tim 




J.aJ/ A lU - 10 A 




kilometers 


km/s 


- 










per second 






m^ 


















1 10c mn t.tA 

- 1 i9b H) yo 


anoulir 

nju r 


rdOians per 




H)ua/i kilpmelei ' 


' km^ 




6.384 sq mi 




second 










247 Kre» \ 








square car\|imeter 


cm^ 




O.ISSsqm. \ 


■ ■ Flow (volumtlric^ 


cubic meter 


m3/s 


tquari millimeier 


mrtt^ 




0.00I5Siqirv . - 




per second 




htctare 


■ 


ThthiclaridO.OOQ 


2.471 acres 












m2| IS a r«cogni7«d 






liter per second 


)/s 






multiple unit and 














witl remsm in tMtx 




Viscosity 


poise 


poise 






/i«tionit ui«. 


'< 








cubic mitir 






35 314 cu h ^ .. 














I 3079 cuyd 


; Pressure ' 


newton per 


N/m? 


fubic cmtimiiif 


cm^ 


\\.. 


0 061 cu in. 




square meter 




Itlif 


1 


The liter 'it now 


1 057 qt ^ 0 264 gdl 




kilonewton per 


kN/m-" ' 






recognifed ai the 


O.fll X 10 acJe 




square meter 








special name lor 














, the cubic decimeter 






kilogram (forc«) 


kgt/cm'' 












per square 




kilogrifT. 


kg 


lijsii SI unit 


2 2051b 




centimeter 




gram 


g 




0 035 07 ^ lS 43gr 








milligram 


mg 




001M3gr. 








tonni 


t 


1 ionne -- I.OOOXg 


.0 964 ton (long) -- 


Temperature 


dtgree Kejvin 


K- 








l.t023 ton (ihori) ' 




degree Celsius 


C 



tscond 
day 



day 

yV or 



Hustc Sf una 
Neither the dayVnqr 
the year is an^ unit 
but both are /mpor 
tant { 

The newton is'that 
force that produces ^ 
an acceleration of 
1 m/j2 m a mass' . 
ol 1 kg 



0 22461 lb (weight) 
- 1% poundals 



Work, energy, 
quantity ol heat 



kitoioule 

watt 

kilowatt 

|Oule per second 



W 
kW 

J/s 



Comments 



English 
Equivalents 

3?8lpi. 
0 00328 

7 230 mph 



Commonly called 15.650 gprr 
the cumec = 2 120 cln 



15 85 gpm 

0 067?fb 

. IfC 'i 



0.00014 ps^ 
0 145 psi 



The newton ij not 
yet well known as 
the unit ol force 
and kgl cm ? will 
dearly be used lor 
some time In thi} 
field the hydraulic 14 223 
head expressed m 
meters is an accept 
3ble alternative. 



Ha\u SI unit 
The Kelvin and 
Celsius degrees' 
are identical. 
The uie of the ' 
Celsius scale is 
recommended ai 
it IS the farmfr 
centigrade scdie. • 

1 iQule = 1 N m 



• 2 778 X 10 
kv* hr'- 



3 725 X 10-' 
hp hr = 0 73756 
tub ' 9 46 X 
10" 8tu 
2 778 kwhr 



Application of i nits 



Oascnption 


Un,t 


Symbol 


Com ments 


English 
Equivalents 




Precipitatton, 
run ott. 
cviporaiion 


millijneter 


mm 


For meteorological 
purpgses It may be 
convenient to meas 
ure precipitation in 
terms of mass/unit 
area (kg/m3) 
1 mm ol ram - 
1 kg/jq m 






River flow 


cubic meter 
p«r mond 


m3/j 


Commonly ulle^ 
the Cumec ^ 


35 314 cfs , , 




Flow in pipts, 
conduits. Chan 
ntls.over weiri, 
pumping 


cubic meter per 
second ' ■ 

liter p«r second 


■m.3/j 
t/s 




1 

J5 85gpm . 




Discharges or 
abstractions, 
yields 


Cubic meter 
p«r day 

cubic meter 
per year 


m^/day 
m^/yr 


1 l/s 86 4 m^/day 


1.83 X lO.-'gpr 




Usjge ul water 


liter p«f person 
per day 


I/person 
day 




0.2B4 gcpd 




Density 


kilogram jier 
cubic metir 


kg/m3 


The density ol 
water under stand 
ard conditions is 
1.000 kg/m3 or 
1.000 g'l 


0.0624 Ib/cu It 




N . , - 






























»' 
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Application of i'nits 



Description 
Concentration 

BDD loading 



Hydraulic load 
per unit area, 
e g tittratron 
rates 



Hydrauhc load 
per unit volume. 
> g biological 
filters, tagoons 

Air supply 



Pip«s 

diameter 
length 



Optical/uniU 



milligram per 
liter 

kilogram per 
cubic meter 
per day 

cubic meter « 
per square meter 
per day 



^ Cubic rrieter 
per cubic meter 
per day 



cubrc meter or 
titer of ftee air 
per lecontf" 



millimeter 
meter 



lumen per 
viuare meter 



Syrrj^bol 
mg/l ■ 



kg/m^day 



■n^.m- day II thii n con 
verted to a 
veldcity. It 
-'should be ex 
pressed tn mm/s 
*' II mm/j -■ 66 4 
m3/m2dayl 



m-'/m-' day 



m3/j 
l/s 



English 
Equivalents 

1 ppm 



0 0624 lb/cult 
day 



3 28 cu ft/sq ft 



0 03937 in: 
33.37 ir - 
3.26 ft 

0.09? It 
candle/sq ft 



ERIC 



